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ABSTRACT 
Molecular and genomic analyses in Clostridium acetobutylicum 
by 
Leighann Sullivan 
This dissertation presents molecular and genomic analyses in Clostridium 
acetobutylicum, beginning with an evaluation of SpoOA, a transcriptional regulator 
required for activation of solvent production genes. While the transcriptional response of 
SpoOA-dependent genes has been well characterized, this work examines the level of 
proteins influenced by SpoOA. Proteomic changes are compared when SpoOA levels 
vary. Six proteins require SpoOA for maximal accumulation. Thirteen proteins have 
altered levels at the transition to solventogenesis, when SpoOA is active, thus implicating 
SpoOA in modulating their accumulation. Five proteins were located at more than one 
position on the two-dimensional gel, suggesting that post-translational modification may 
be more prevalent in prokaryotes than previously recognized. 
Because two proteins that require SpoOA are clostridial hydrophobic with a 
conserved tryptophan (ChW) proteins, this dissertation, secondly, characterizes this 
family. These proteins are novel and essentially limited to C. acetobutylicum; thus, 
suggesting roles specific to its unique physiology. Based on sequence features, they are 
thought to be surface associated proteins. Reporter assays and primer extension 
experiments establish that chw 14 and chw 16/17are primarily transcribed by oA during 
exponential phase. Reporter analysis of chw14and chw16/17'inthespoOA null strain 
indicates that SpoOA influences the expression of these genes, while the proteome data 
iii 
suggest that SpoOA is necessary for maximal accumulation of the encoded proteins. 
Phylogenetic reconstruction suggests that ChW domains function in triplets. 
Lastly, this dissertation analyzes the enzymatic properties of several butyrate 
kinase II mutants and examines the genomic arrangement of their encoded genes. At 
several positions the native amino acid was required for activity while at two positions a 
conservative change was tolerated. Additionally, the local structural arrangement of a 
specific trio of amino acids (DFK in BKI and NAL in BKII) may explain the substrate 
activity differences between these enzymes. A leucine residue in BKII is not expected to 
make the same cation-ji interactions with the ATP ring structure as the native lysine in its 
analogous position in BKI. The genomes of related and relevant prokaryotes contain 
multiple genes coding for carboxylate kinases, thus the presence of multiple isozymes 
may be common in prokaryotes. 
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Chapter 1 - Introduction 
A portion of the material presented in this chapter has been published (Sullivan et 
al. 2007b). 
Much of the work described in this thesis would not have been possible without 
the complete sequencing of the Clostridium acetobutylicum genome (Nolling et al. 2001). 
Sequencing its genome is the first step toward making C. acetobutylicum realize its 
metabolic engineering potential for increased solvent production as reviewed (Sullivan et 
al. 2007b). 
This thesis will describe three avenues of my research: a proteomic examination 
of the transition to solventogenesis, the study of the novel protein family Clostridial 
hydrophobic with a conserved tryptophan (ChW), and a structural examination of the 
butyrate kinase isozyme. This work was carried out in C. acetobutylicum. This 
discussion will begin with a description of the genus Clostridium to which C. 
acetobutylicum belongs. 
1.1 The genus Clostridium 
Members of the genus Clostridium have been historically grouped taxonomically 
based on common phenotypic properties: rod-shaped morphology, Gram-positive 
staining cell walls, formation of heat-stable endospores, anaerobic growth, fermentative 
metabolism, and genomic DNA with a low G+C percentage (Holt 1977). Because few 
features were used to define the Clostridium genus, this genus appeared homogeneous, 
when in fact the genus was determined to be a heterogenous grouping when more specific 
classification methods were used (Cato 1986; Cato 1989; Stackebrandt 2001). Recent 
applications of DNA sequencing, particularly of 16S rRNA genes, have led to many 
2 
refinements concerning the classification and nomenclature within the Clostridium genus 
(Keisetal.2001). 
After improved classification it became clear that the Clostridium genus 
comprises numerous pathogenic and non-pathogenic strains. The pathogenic strains are 
responsible for severe diseases in humans and animals because of production of potent 
protein toxins. Of the more than 150 Clostridium species, 35 are considered pathogenic 
and 15 of those produce known protein toxins (Alouf 2003). The most widely 
encountered strains among the toxigenic Clostridium are C. diffile, C. tetani, C 
perfringens, and C. botulinum. C. difficile causes pseudomembranous colitis, a severe 
infection of the colon, characterized by diarrhea, fever, and abdominal pain. C. tetani 
causes continuous muscle contractions, commonly known as lock-jaw. C. perfringens is 
the causative agent of gas gangrene and necrotic enteritis. C. botulinum is the causative 
agent of botulism, a nerve paralysis disease. 
Among the non-pathogenic strains studied are Clostridia with unique metabolic 
functions. These include the acetogens (Hugenholtz and Ljungdahl 1990) that produce 
acetic acid and some of which can grow on syngas, a mixture of H2, CO and CO2 
(Tanner et al. 1993). Some Clostridia are capable of metabolizing hazardous chemicals, 
such as trinitrotoluene (TNT). Cellulolytic Clostridia are important in the natural decay of 
plant material in anaerobic environments. Still other Clostridia can produce solvents. 
These solvents are produced during stationary phase as a way to delay cell death resulting 
from the acidogenic exponential phase. The solvents acetone, butanol, and isopropanol 
are bulk chemicals used widely in industrial applications (Table 1.1). This work focuses 
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on C. acetobutylicum specifically the American Type Culture Collection 824 (ATCC 
824) strain, the type strain widely studied by workers in France, Germany and the US. 
This strain produces acetone, butanol, and ethanol during fermentation. It was the first 
Clostridium to have its genome sequenced and it is thought to be derived from the 
original isolate of Weizmann (Cornillot and Soucaille 1996), the researcher credited with 
the isolation and fermentation of the first C. acetobutylicum strain. Sources of general 
information on Clostridium strains and their properties can be found in some recent 
books devoted to these organisms (Woods 1993; Durre 2005b). 
1.2 Industrial acetone-butanol-ethanol fermentation 
A historical account of the early industrial use of Clostridium has been previously 
described (Jones and Woods 1986). The acetone was produced as an essential solvent in 
the manufacture of explosives during both World Wars and butanol was used as a fast 
drying solvent for paint in the automobile industry (Jones and Woods 1986). 
Interestingly, acetone was the first product desired from the fermentation and then 
butanol became the favored product. Today, butanol is the desired product because it is 
more compatible with gasoline than ethanol for fuel extension due to its favorable 
chemical characteristics (Durre 2008). Acetone-butanol-ethanol fermentation was a 
large-scale production process from the 1920's to the 1950's. Subsequently, lower cost 
petroleum sources and refinery technology displaced acetone-butanol-ethanol 
fermentation. The acetone-butanol-ethanol fermentation continued in certain locations 
dependent on special circumstances and governmental policies (e.g., The Soviet Union, 
South Africa, and China) until approximately the 1980's (Zverlov 2006). Recently, new 
production plants have opened in Brazil and China (Jones 2008; Sun et al. 2008) for 
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butanol production. Though industrial focus has been on standard batch fermentations, 
current research focuses on applying modern molecular genetics to better understand and 
control the fermentation process. 
1.3 Regulation of gene expression by a factors and transcription factors 
Controlling fermentation through molecular genetic techniques requires an 
understanding of bacterial gene expression processes. Bacterial RNA polymerase has 
five subunits: a, two a, (3, and P'. The a factor is responsible for recognizing promoter 
elements to initiate transcription, and the remaining four subunits make up the core RNA 
polymerase enzyme (Lloyd et al. 2001). Transcription is initiated by RNA polymerase at 
the promoter which is defined by a -10 (pribnow box) and a -35 element, relative to the 
transcription start site, which are optimally separated by 17 base pairs (Goldstein and Doi 
1995). A cell contains multiple a factors, such as CTA or oH, and each is responsible for 
recognizing a collection of genes at a particular time. In addition to the grand 
orchestration that a factors direct, transcriptional control is fine-tuned with transcription 
factors. Transcription factors either activate or repress a specific gene in response to 
environmental stimuli. Transcriptional regulators can affect transcription in multiple 
ways: by interacting directly with RNA polymerase via the a subunit, a subunit, or other 
surfaces; by altering DNA conformation at the promoter; or by sterically hindering RNA 
polymerase binding or progression (Lloyd et al. 2001). One transcriptional regulator is 
considered in detail in this thesis, SpoOA. 
1.4 Regulation by SpoOA in Bacillus subtilis 
The transcriptional regulator SpoOA plays a critical role in the initiation of the 
sporulation cascade in Gram-positive bacteria (Stephenson and Lewis 2005) and is 
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required for solvent production, in C. acetobutylicum (Brown et al. 1994; Harris et al. 
2002; Durre and Hollergschwandner 2004). However, because the mechanism of SpoOA 
transcriptional regulation has not been elucidated in C. acetobutylicum, this discussion 
will begin with an examination of SpoOA regulation of sporulation-specific genes in 
Bacillus subtilis where SpoOA regulation has been thoroughly investigated. 
In B. subtilis, five sporulation genes are known to be directly activated by SpoOA: 
spoOA, spoOF, spoIIA, spoIIE, and spoIIG; one gene is repressed by SpoOA, abrB (Hoch 
1993). Many of these genes have multiple promoters and multiple SpoOA binding sites, 
designated 0A boxes. The genes spoIIA, spoIIE, and spoIIG have one promoter while 
spoOA, spoOF, and abrB have two promoters (Greene and Spiegelmann 1996; Satola et al. 
1992; Strauch et al. 1992; Strauch et al. 1993; Trach et al. 1991; York et al. 1992). The 
orientation of the 0A box has no relation as to whether SpoOA positively or negatively 
regulates gene transcription. That is, a forward 0A box does not indicate positive 
regulation by SpoOA. Likewise, a reverse 0A box does not mean that SpoOA represses 
that gene. Activation or repression by SpoOA is dependent on the proximity of a given 
0A box, irrelevant to its orientation, in relation to the -10 and -35 a factor binding site(s) 
upstream of a gene. SpoOA can bind to 0A boxes in either orientation and respond 
properly in both bacilli and Clostridia (Brown et al. 1994; Ravagnani et al. 2000). 
Some promoters are recognized by the vegetative a factor, CTA (spoOA, spoOF, 
spoIIE, spoIIG, abrB,), and others are recognized by the stationary phase a factor, aH 
(spoOA, spoIIA) (Greene and Spiegelmann 1996; Satola et al. 1992; Strauch et al. 1992; 
Strauch et al. 1993; Trach et al. 1991; York et al. 1992). When one of these genes has 
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multiple promoters each promoter may be transcribed by different holoenzymes (RNA 
polymerase core with its associated a factor). 
SpoOA interacts directly with the a subunit of RNA polymerase, albeit with 
different contacts for aA- and CTH as shown by mutant SpoOA that is defective in 
stimulating transcription from oA-dependent promoters retaining its ability to activate 
transcription from oH -dependent promoters (Hatt and Youngman 1998). SpoOA 
activation and repression abilities are separate. Mutations that nullify the ability of 
SpoOA to activate genes do not affect the ability of SpoOA to repress abrB (Rowe-
Magnus et al. 2000). 
A series of phosphoryl transfers are required to phosphorylate, and thus activate, 
SpoOA. SpoOA transcriptional activation by its C-terminal domain is blocked until the N-
terminus has been phosphorylated (Rowe-Magnus et al. 2000). 
Sensor kinases, part of the two-component regulatory system where they transmit 
particular environmental information, are phosphorylated by a particular kinase in their 
interaction with the membrane or exterior component. The phosphorylated sensor kinase 
then transfers the phosphate to a response regulator which mediates the cellular response 
to that stimulus. In B. subtilis, the stimulus from the sensor kinase is initially transferred 
to SpoOF by the addition of a phosphoryl group; the phosphate is transferred to SpoOB, 
which is then transferred to SpoOA (Hoch 1993). This phosphorelay network is complex 
with multiple regulatory checkpoints involving many other members not discussed here. 
Both unphosphorylated and phosphorylated SpoOA can bind to DNA, but phosphorylated 
SpoOA has an increased affinity for DNA binding (Strauch et al. 1990). However, the 
specificity of SpoOA for its recognition sequence is the same regardless of 
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phosphorylation state. Phosphorylated SpoOA appears to bind DNA plus RNA 
polymerase rather than promoter DNA alone (Hatt and Youngman 1998). 
1.5 Regulation by SpoOA in Clostridium acetobutylicum 
In C. acetobutylicum SpoOA is required for both the initiation of sporulation and 
the production of solvents (Brown et al. 1994; Harris et al. 2002; Durre and 
Hollergschwandner 2004). 0A boxes are found upstream of several solventogenic genes, 
including adhE and adc (Ravagnani et al. 2000; Thormann et al. 2002). In addition to an 
0A box, three imperfect repeats are found in the promoter of the sol operon which 
encodes the genes for butanol production {adhE [also known as aad], ctfA, ctfB). The 0A 
box and two of the repeats (the first and third repeat) are essential for induction at the 
transition (Thormann et al. 2002). For SpoOA to regulate these genes it must be present, 
and the presence of SpoOA has been determined by measuring the expression of its gene 
spoOA. 
Expression ofspoOA correlates temporally with its required role in activating 
solvent genes at the transition from exponential to stationary phase. The expression of 
spoOA has been examined by measuring both RNA and protein levels. Northern analysis 
has shown that spoOA transcripts are present at a low level during early-mid exponential 
phase, double at the transition from exponential to stationary phase, and it finally declines 
back to low levels during stationary phase (Harris et al. 2002). SpoOA protein levels 
correlate with its mRNA levels, that is, SpoOA is most abundant during late exponential 
phase (Sullivan and Bennett 2006). 
The phosphorylation cascade responsible for adding a phosphate group to SpoOA 
in B. subtilis is absent in C. acetobutylicum (Paredes et al. 2005). Without a 
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phosphorelay system, how SpoOA achieves its phosphorylated state in C. acetobutylicum 
is not known. It is commonly accepted that phosphorylation activates SpoOA in C. 
acetobutylicum as it does in B. subtilis. Some postulated methods are by different 
sensory kinases (Alsaker and Papoutsakis 2005) or by butyryl-phosphate (Zhao et al. 
2005) as will be discussed further in Chapter 5. Using B. subtilis as the point of 
comparison, Paredes et al. (2005) described which histidine kinases in C. acetobutylicum 
that might phosphorylate SpoOA. The kinase would likely be an orphan kinase, possibly 
with a transmembrane domain, and would reach maximal expression levels just prior to 
sporulation. On that basis, five potential kinases were identified. 
To gain further insight into the processes in which SpoOA regulates, a spoOA-
disrupted strain (SKOl) and a 5/?o0^-overexpression strain (824(pMSP0A)) were created 
and characterized (Harris et al. 2002). Analysis of metabolites of cultures of SKOl 
showed acetone production was almost eliminated, with butanol levels decreased to only 
8% of wild type levels (Harris et al. 2002). SKOl cultures grew 31% slower than wild 
type cultures, and when entering sporulation, SKOl cells formed long filaments of 
connected rods and failed to septate (Harris et al. 2002). In SKOl, solvent (adhE-ctfA-
ctfB and adc) and sporulation specific (spoIIGA, sigE, and sigG) genes, sugar 
metabolism, and electron transport genes were downregulated (Harris et al. 2002; Tomas 
et al. 2003). In SKOl, genes that are upregulated include abrB, chemotaxis and motility 
genes, and glycosylation genes (Tomas et al. 2003). The strain 824(pMSPOA) exhibited 
20% higher final solvent concentrations, grew faster and to a 50% greater cell density, 
and transitioned to sporulation earlier than the control strain (Harris et al. 2002). In 
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824(pMSPOA), the same solvent formation and sporulation specific genes were 
expressed earlier than the control strain (Harris et al. 2002). 
Large-scale transcriptome and proteome analyses have revealed that the stress 
response is affected by SpoOA. SpoOA regulates the butanol stress response and heat 
shock response (Alsaker et al. 2004; Sullivan and Bennett 2006). When the spoOA over-
expression and deletion strains were stressed by a challenge with butanol, many 
processes were affected as seen by the differential expression of genes for fatty acid 
metabolism, motility and chemotaxis, heat shock response, and fts family of cell division 
(Alsaker et al. 2004). Several genes were expressed to a higher level and at earlier time 
points in the spoOA over-expression strain: butyryl coenzyme A assimilation genes, 
butyrate formation genes, the cell division geneftsX, the gyrase subunit-encoding genes 
gyrB and gyrA, DNA synthesis and repair genes, and fatty acid synthesis genes (Alsaker 
et al. 2004). Hspl8 protein showed an accelerated increase in accumulation when spoOA 
was over-expressed (Sullivan and Bennett 2006). Alterations in levels of gene products 
involved in these processes may have an effect on cellular metabolism including 
energetics and carbon flux, which in turn could influence solvent production. The effects 
of SpoOA can either be through its direct action on promoters or indirectly through its 
modulation of the level or activity of other regulators. 
The dogmatic model of a fermentation culture of C. ctcetobutylicum had been of a 
linear process, with acidogenic exponential growth followed by stationary solventogenic 
phase, and finally followed by spore formation. Researchers currently recognize that 
sporulation and solventogenesis are simultaneously initiated in response to SpoOA 
activation, and that any separation of these processes, which might be desirable in the 
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development of an industrially-useful strain of C. acetobutylicum, must occur genetically 
downstream of spoOA, as was shown with spoIIE downregulation (Scotcher and Bennett 
2005). 
1.6 Metabolic engineering strategies for C. acetobutylicum to improve solvent titer 
and tolerance 
Molecular genetic techniques to control the fermentation process coupled with 
improved separation technology developed by chemical engineers have generated much 
commercial interest in the renewed development of microbial butanol production. 
Industrially useful strains have been created using current genetic technology. The 
genetic work has focused on the improvement of solvent titer and solvent tolerance in 
order to alter the typical 6:3:1 ratio of butanol: acetone: ethanol toward one more rich in 
butanol. 
Strategies to increase C. acetobutylicum solvent titer have historically focused on 
single gene perturbations. Individual genes to be inactivated or over-expressed were 
determined by knowledge of the pathways and the enzymes involved in those pathways. 
Comparative transcriptional analysis can identify genes to manipulate that may 
drastically affect cell-wide activities, such as genes for transcriptional regulators and 
stress response proteins (for a recent review see Jones et al. 2008). Another strategy is to 
identify genes responsible for a global physiological change, such as solvent tolerance, by 
introducing plasmids bearing a genomic library into the host strain and then screening the 
derived cell library mixture under a particular condition (Borden and Papoutsakis 2007). 
The pioneering molecular analyses have elucidated the genes encoding the 
metabolic pathway enzymes of solvent production involved gene identification, 
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sequencing and promoter characterization. Subsequent researchers approached the 
problem with a more global theoretical analysis of determining operon structure and 
genomic arrangements. The sequence and arrangement of the genes involved in acetone 
production (adc) (Cary et al. 1990; Petersen et al. 1993) and butyrate synthesis (ptb-buk) 
pathways (Cary et al. 1988; Walter et al. 1993) were determined almost 15 years ago. 
Likewise, the genes for butanol production, namely the sol operon, have been cloned, 
sequenced, and their promoters characterized (Fischer et al. 1993) during the same time 
period. The genes encoding the enzymes responsible for the conversion of acetyl-CoA to 
butyryl-CoA were also cloned and characterized prior to the sequencing of the genome of 
C. acetobutylicum (Boynton et al. 1996b; Winzer et al. 2000; Stim-Herndon et al. 1995). 
Figure 1.1 depicts the central biochemical pathways in C. acetobutylicum as summarized 
by this work and others. 
In addition to describing the genes of the pathway enzymes, enzyme activity was 
initially measured in cells from different stages of fermentation. The enzymes were later 
isolated and characterized. Phosphotransacetylase (PTA) and acetate kinase (AK) 
activity decrease at the onset of solventogenesis (Hartmanis and Gatenbeck 1984). Three 
consecutively acting enzymes involved in the conversion of acetyl-coenzyme A (CoA) to 
butyryl-CoA (thiolase, beta-hydroxybutyryl CoA dehydrogenase, and crotonase) were 
coordinated in their expression and maximal activity peaked at the end of exponential 
phase (Hartmanis and Gatenbeck 1984). Butyryl-CoA dehydrogenase activity was low 
and difficult to analyze (Hartmanis and Gatenbeck 1984). Phosphotransbutyrylase (PTB) 
pentose 
pentose P granulose 
glyceraldehyde 3-P 
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Figure 1.1. Central biochemical pathways in C. acetobutylicum. Enzymatic steps, arrows, and metabolites 
are in black. Cofactors and byproducts are in blue. Enzymes are indicated by red letters as follows: A, 
pyruvate-ferredoxin oxidoreductase; B, phosphotransacetylase; C, acetate kinase; D, thiolase; E, B-
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hydroxybutyryl-CoA dehydrogenase; F, crotonase; G, butyrl-CoA dehydrogenase; H, 
phosphotransbutyrylase; I, butyrate kinase; J, acetaldehyde dehydrogenase; K, ethanol dehydrogenase; L, 
butyraldehyde dehydrogenase; M, butanol dehydrogenase; N, acetoacetyl-CoA: acetate/ butyrate: CoA 
transferase; O, acetoacetate decarboxylase. Adapted from (Durre 2005; Jones and Woods 1986). 
activity rapidly decreased at the onset to solventogenesis while butyrate kinase, BK 
activity increased dramatically at the transition when PTB activity was essentially zero 
(Hartmanis and Gatenbeck 1984). Thiolase (Wiesenborn et al. 1988), PTB (Wiesenborn 
et al. 1989b), and CoA transferase (Wiesenborn et al. 1989a) were purified and their 
properties determined. Intracellular levels of CoA and its derivatives were analyzed 
(Grupe and Gottschalk 1992; Boynton et al. 1996b) as well as the corresponding acyl-
phosphates (Zhao et al. 2005). After the basic knowledge of genes, enzymes, and 
pathways is discovered for one organism, then by comparative analysis a putative 
function can be ascribed to a similar gene or protein in a related organism. After multiple 
homologs are identified, then sequences can be aligned to illustrate the protein domains 
and conservative regions. 
The previously described strategies of gene and enzyme characterization and 
comparative analysis focus on single genes. Strategies aimed at manipulating more than 
one gene product have since evolved to provide further cellular improvements. These 
multi-gene improvements are easiest to implement by altering one gene that is 
responsible for orchestrating an aspect of global physiology involving many gene 
products. For example, when the transcription factor SpoOA was inactivated, the deletion 
strain was severely limited in the solvents it produced and showed significant sporulation 
defects (Harris et al. 2002). Also, over-expression of spoOA demonstrated increased 
tolerance and prolonged metabolism in response to butanol stress (Harris et al. 2002). 
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Transcription factors are not the only factors influencing the level and functioning 
of many gene products. An environmentally sensitive elicitor for the synthesis of many 
related gene products is the basic phenomenon of stress. A common stress that many 
Clostridia must cope with is that posed by acids and solvents, especially alcohols which 
are particularly detrimental to membrane integrity. Thus, increased expression of genes 
encoding heat shock proteins that can act to stabilize enzymes through their action as 
protein chaperones, would be expected to help the cell withstand increased solvent levels. 
Indeed, overexpression of groESL decreased the inhibitory effects of a butanol challenge 
on C. acetobutylicum growth by 85% (Tomas et al. 2003b). Final solvent concentrations 
in cultures of the modified strain were significantly higher probably because active 
metabolism lasted more than twice as long as the control (Tomas et al. 2003b). 
Therefore, increased accumulation of stress proteins, specifically GroEL and GroES, 
allowed C. acetobutylicum to tolerate higher solvent levels. 
Searches can be made for unknown genes that affect a process by either studies of 
random mutants generated with a non-specific mutagen, or by examination of a large 
number of strains, each of which contains a construct bearing a few genes from the 
organism. An example of the latter approach is the screening of a library in order to 
further identify and isolate genes involved in regulating solvent tolerance. In the study 
by Borden and Papoutsakis (2007), C. acetobutylicum cells were transformed with a 
library of plasmids bearing random segments of DNA. The library of recombinant strains 
was challenged with butanol either once or serially with increasing dosages for an 
acclimatization effect. In that study, one gene was identified in the single butanol 
challenge; it encodes a protein of unknown function, and cells bearing a subclone of the 
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gene increased butanol tolerance by 13%. Additionally, in that study, a number of genes 
were enriched for under the serial butanol stress test, four of which are transcription 
factors. One in particular, CAC1869, gave 81% increased butanol tolerance when 
examined with a defined subclone. Strains bearing this recombinant plasmid grew 
consistently to higher cell densities and exhibited a prolonged stage of active metabolism. 
This gene allows the cell to adapt to longer production cycles of solvents. More 
generally, a library screen is exploratory in nature and can identify previously 
unsuspected genes. This strategy can be complemented by the use of technically 
sophisticated technologies, such as DNA-arrays or proteome analysis to help identify the 
specific genes responsible for the effect. 
1.7 Scope of my work 
This thesis work has three components: I have analyzed the transition from a 
proteomic point of view, and followed-up with a study of a novel protein family found in 
C. acetobutylicum (Clostridial hydrophobic with a conserved W) that appeared to 
correlate with the transition to solvent formation. Finally, I employed molecular and 
structural techniques to study a butyrate kinase isoenzyme, as the level of butyryl-
phosphate has been correlated in a time course with the role of a phosphoryl group 
transfer that shifts the cell toward solvent formation and sporulation. 
During the course of these three analyses, I manipulated and analyzed the cellular 
molecules, i.e., DNA, RNA, and proteins related to function as well as inspected the gene 
arrangement within C. acetobutylicum and other relevant prokaryotic genomes. 
Individual members the ChW and BK families are discussed in detail and compared to 
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gain insight into the entire family as a whole. Each of the following chapters includes a 
brief introduction specific to the topic considered in that chapter. 
Chapter 3 describes the proteomic analysis, which led to the identification of 
ChW proteins and their potential relevance to solvent production or stationary phase 
events. This section explains the characteristics of the proteome of C. acetobutylicum 
during all growth phases and under conditions where the level of the master 
transcriptional regulator, SpoOA, was altered. 
Chapter 4 describes the in-depth analysis of the ChW protein family. The 
expression and promoter architecture of two genes encoding ChW proteins was 
characterized and the regulation of expression of the two genes was studied. The 
relationship among ChW proteins and the ChW domains themselves was delineated. 
Additionally, other studies related to attempts to purify the ChW proteins and determine 
the function of ChW proteins are described. Experimentation to ascertain function 
entailed determining protein interacting partners, localization within the cell with 
antibodies, and gene expression knock-down with antisense RNAs. 
Chapter 5 describes the solvent related family of butyrate kinases. Mutant 
variants of butyrate kinase II were made and the structural effects were examined 
computationally in comparison with other carboxylate kinases. The genomic 
organization of carboxylate kinase and phosphotransferase genes is also discussed to 
elucidate the uniqueness of carboxylate kinase isozymes. 
Chapter 6 concludes this work and includes recommendations for future work. 
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Chapter 2 - Materials and Methods 
2.1 General Methods 
2.1.1 Bacterial strains and plasmids 
All bacterial strains and plasmids used in this thesis are listed in Table 2.1. 
2.1.2 Oligonucleotides 
All oligonucleotides used in this thesis are listed in Table 2.2. 
2.1.3 Growth conditions and maintenance 
All Escherichia coli strains were grown aerobically at 37°C in liquid or agar-
solidified Luria-Bertani (LB) medium. For recombinant E. coli strains, media were 
appropriately supplemented with ampicillin (100 ug/mL), erythromycin (300 ug/mL), 
chloramphenicol (35 (xg/ml), or kanamycin (35 jxg/mL). Both recombinant and wild-type 
strains were stored at -80°C in 50% (vol/vol) glycerol freezing solution (65% glycerol, 
0.1M MgS04, 0.025M TrisHCl, pH 8). 
C. acetobutylicum ATCC 824 and recombinant strains were cultured 
anaerobically in Clostridial Growth Medium (CGM) at 37°C (Hartmanis and Gatenbeck 
1984) and stored frozen in 10% (vol/vol) glycerol at -80°C or as horse serum-
supplemented lyophilized stocks at room temperature. For recombinant C. 
acetobutylicum strains, liquid or agar-solidified medium was appropriately supplemented 
with erythromycin (40 ug/mL) or thiamphenicol (25 fig/mL). 
2.1.4 Batch culture fermentation experiments 
Anti-sense experiments were performed using batch culture fermentations. Single 
colonies of transformed C. acetobutylicum were grown in closed-cap batch fermentations 
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29 
of 150 mL (for pASsos and its derivative plasmids) CGM supplemented with the 
appropriate antibiotic at 37°C in a Forma Scientific anaerobic chamber (Thermo Forma, 
Marietta, OH). 
Single colonies of C. acetobutylicum 824 were grown in closed-cap batch 
fermentations of 150 mL CGM, for ELISAs, in a Forma Scientific anaerobic chamber 
(Thermo Forma, Marietta, OH). The static flask fermentation samples were harvested at 
the times and optical densities (ODs) cited in Table 2.3. For this and the following P-
galactosidase experiments, zero hour is defined as the time when the culture reached an 
OD600 of 0.1, in order to allow for differences in lag time following inoculation. Cell 
growth was quantified by measuring the OD600 using a Prim Light and Advanced 
spectrophotometer (Secomam, Domont, Cedex, France). 
|3-galactosidase experiments were performed using batch culture fermentations. 
Single colonies of transformed C. acetobutylicum were grown in closed-cap batch 
fermentations of 200 or 300 mL (for pThiLac-based or pHT3 -based transformed strains, 
respectively) of CGM supplemented with the appropriate antibiotic at 37°C in a Forma 
Scientific anaerobic chamber (Thermo Forma, Marietta, OH). 
2.1.5 Controlled-pH fermentor experiments 
Primer extension analysis was performed using controlled-pH fermentations. 
Large-scale batch fermentations of ATCC 824, 824(pHT14), and 824(pHT16) C. 
acetobutylicum strains were performed in a BioFlo 110 fermentor (New Brunswick 
Scientific, Edison, NJ) with a culture volume of 2 liters CGM. Recombinant strains were 
supplemented with appropriate antibiotics. To allow for differences in lag time following 
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TABLE 2.3. Time and OD600 of samples when harvested for ELISAs 
Strain: 824 
^ _ _ ^ _ Hour OD6QO 
3.9 0.38 
6.1 0.86 
7.2 1.39 
8.3 1.70 
8.9 2.14 
12.2 3.18 
18.3 4.32 
24.1 5.38 
30.3 5.81 
inoculation, zero hour is defined as above. Cell growth was quantified by measuring the 
OD600 using a Beckman DU64 spectrophotometer (Beckman, Coulter, Fullerton, CA). 
Proteomic analysis was performed using controlled-pH fermentations. C. 
acetobutylicum ATCC 824 (pIMPl) and SKOl strains were grown in pH 5 controlled 
fermentations, and the growth was monitored with OD6oo (Harris et al. 2002). Samples of 
15 mL were taken at early-mid exponential, mid-late exponential, early stationary, and 
late stationary phases. The phases were defined according to the hour of growth and the 
culture OD600 when the sample was harvested. After the samples were harvested they 
were diluted to 10 mL with an OD6oo of 1.0, centrifuged, and stored at -70°C as cell 
pellets. The time and OD6oo of harvested samples for 824(pIMPl), SKOl, and 
824(pMSPOA) are listed in Table 2.4. 
2.1.6 Fermentation product analysis 
For analysis of product formation, samples were taken at the specified time 
points. Batch fermentation samples were centrifuged at 3000 x g for 5 minutes at room 
temperature in an EBA20 centrifuge (Hettich-Zentrifugen, F6hrenstr.l2, Tuttlingen, 
Germany). Controlled-pH fermentation samples were centrifuged at 2600 x g for 5 
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TABLE 2.4. Time and OD60o of samples when harvested for proteomic analysis 
Strain: 824 824(pIMPl) SKOl 824(pMSPOA) 
Hour OD6QO Hour OD600 Hour OD6QO Hour OD6QO 
Early-mid 10 3.3 9.5 1.8 10.0 3.0 9.5 3.4 
exponential 
Mid-late 13 4.7 13.5 4.9 
exponential 
Early 20 6.6 18.8 6.2 31.0 6.0 29.5 10.0 
stationary 
Late 100.3 5.4 59.5 4.7 61.5 8.0 
stationary 
minutes at 4 °C in a Sorvall RT6000B centrifuge (Dupont, Wilmington, DE). The 
supernatant was collected, acidified and analyzed by a Hewlett-Packard 5890 Series II 
gas chromatograph (Hewlett-Packard, Palo Alto, CA) for butanol, acetone, ethanol, 
butyrate, and acetate. Concentrations were determined from peak areas using Peak 2000 
integration software (SRI Instruments, Torrance, CA.). 
2.1.7 DNA isolation, manipulation, and transformation into C. acetobutylicum 
Plasmid isolation from E. coli was done by the QIAprep Miniprep method 
(Qiagen, Valencia, CA). DNA was purified from agarose gels using the UltraClean 15 
method (MO BIO Laboratories, Solana Beach, CA). PCR products or enzymatically 
manipulated DNA was purified by using the QIAquick PCR Purification method 
(Qiagen, Valencia, CA). All commercial enzymes (Pfx polymerase, restriction 
endonucleases, calf intestinal phosphatases, and T4 DNA ligase) were used according to 
the manufacturer's specifications. Pfx polymerase was obtained from Invitrogen 
(Carlsbad, CA) while all other enzymes were obtained from New England Biolabs 
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(Ipswich, MA), Promega (Madison, WI), or Fisher Scientific (Rockford, IL). Automated 
DNA sequencing was performed by LoneStar automated DNA sequencing Laboratory 
(LoneStar Laboratories, Houston, TX). All oligonucleotides used in this study are listed 
in Table 2.2. 
Previously published methods were used for electrotransformation of C. 
acetobutylicum (Mermelstein and Papoutsakis 1993) using approximately 1 ug of 
plasmid DNA. Prior to transformation of C. acetobutylicum, plasmids pHT3, pHT4, 
pHT14, and pHT16 were methylated in E. coli (pANl) (Mermelstein and Papoutsakis 
1993) and plasmids pThiLac, pTL14, and pTL16 were methylated in E. coli (pDHKM) 
(Zhao et al. 2003) by the B. subtilis phage<I>3TI methyltransferase. This 
methyltransferase protects the plasmid DNA from restriction by the clostridial 
endonuclease Coc824I (Mermelstein et al. 1992). 
2.1.8 Construction of plasmids 
2.1.8.1 pTrcHis 14andpTrcHis 16 
The DNA fragment containing the open reading frame, including the bases coding 
for initiating and stop codons, of chw 14 was amplified by PCR with genomic wild type 
C. acetobutylicum as the template DNA and 14FORF and 14RORF as the forward and 
reverse primers. The 1476-bp amplified DNA fragment was cloned into pTrcHis-TOPO 
plasmid to yield pTrcHis_14. The plasmid pTrcHis_16 was generated in the same 
manner using the 16FORF and 16RORF forward and reverse primers to PCR amplify the 
1446-bp DNA fragment. 
2.1.8.2 pTrcHis2 14 and pTrcHis2 16 
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pTrcHis2_14 and pTrcHis2_16 were generated in a similar same manner as 
pTrcHis_14 and pTrcHis_16, except that 14RORF(-stop) and 16RORF(-stop) were used 
as the reverse primers, which do not include bases corresponding to the stop codon, TAA. 
The base plasmid used was pTrcHis2-TOPO. 
2.1.8.3 PET14-N and PET16-N 
The DNA fragment containing the open reading frame of chwl4 minus the 
putative N-terminal signal sequence was amplified by PCR with genomic wild type C. 
acetobutylicum as the template DNA. The forward primer F14-N was generated by 
adding a Ncol restriction site and four bases 5' of the Ncol site. The reverse primer R14-
N was generated by adding a Xhol restriction site and three pyrimidine bases 5' of the 
Xhol site. The 1385-bp amplified DNA fragment was first cloned into pCRII-TOPO. 
The fragment was then digested with Xhol and Ncol and ligated into XhoI/NcoI-digested 
pET41b(+) plasmid to yield pET14-N. The plasmid pET16-N was generated in the same 
manner using the forward and reverse primers, F16-N and R16-N, respectively, to PCR 
amplify the 1365-bp DNA fragment. 
2.1.8.4 pPTB14 and pPTB16 
The DNA fragment containing the open reading frame of chw14 was amplified by 
PCR with genomic wild type C. acetobutylicum as the template DNA. The forward 
primer F16pPTB was generated by adding a BamHI restriction site and three bases 5' of 
the BamHI site. The reverse primer R16pPTB was generated by adding a Xbal 
restriction site and three bases 5' of the Xbal site as well as bases to encode six histidines 
at the C-terminus. The 1519-bp amplified DNA fragment was cloned into pTrcHis2-
TOPO. The fragment was then released from pTrcHis2-TOPO with Xbal and BamHI 
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and the fragment was ligated into Xbal/BamHI-digested pPTB plasmid to yield pPTB16. 
The plasmid pPTB14 was designed to be constructed in the same manner using the 
forward and reverse primers F14pPTB and R14pPTB, respectively, to PCR amplify the 
1489-bp DNA fragment. The fragment was cloned into pTrcHis2-TOPO. The expected 
pPTB14 plasmid was never generated successfully. 
2.1.8.5 pET14domain, pET16domain, pET14Cterminus, and pET16Cterminus 
The DNA fragment containing the bases encoding the six contiguous ChW 
domains of chw!4 was amplified by PCR with genomic wild type C. acetobutylicum as 
the template DNA. The forward primer F14domain was generated by adding a BamHI 
restriction site and two bases 5' of the BamHI site. The reverse primer RHdomain was 
generated by adding a Xhol restriction site and three bases 5' of the Xhol site. The 834-
bp amplified DNA fragment was first cloned into pTrcHis2-TOPO. The plasmid 
fragment was then digested with Xhol and BamHI and ligated into XhoI/BamHI-digested 
pET41b(+) to yield pET14domain. The plasmid pET16domain was generated in the 
same manner using the forward and reverse primers F16domain and R16domain, 
respectively, to PCR amplify the 909-bp DNA fragment. Likewise, the plasmids 
pET14Cterminus and pET16Cterminus were generated using the forward and reverse 
primers F14Cterminus, RHCterminus, F16Cterminus, and R16Cterminus to amplify the 
516-bp and 5 31 -bp DNA fragments, respectively. 
2.1.8.6 pAS14 and pAS16 
The plasmids used to produce chw!4-asRNA and chw 16-asRNA by the ptb 
promoter were designed according to the previously published method (Desai and 
Papoutsakis 1999) with some modifications as described (Scotcher and Bennett 2005). 
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The oligonucleotides used in the chwl4-asRNA construction were asl4T and asl4B, 
while those used in the cMv76-asRNA construction were asl6T and asl6B. 
2.1.8.7 pHT3/MfeI 
The pHT3 plasmid (Tummala 1999) was digested with Smal creating blunt ends 
with a C on the 5' end and a G on the 3' end of the cut site. An oligonucleotide 
containing the restriction sites for Mfel and all but the 5' C at the 5' end of the primer 
and the 3' G at the 3'end of the primer to contain two Xhol sites on either side of the 
Mfel site. The oligonucleotide was made doublestranded by annealing to itself. The 
oligonucleotide was then ligated to the Smal digested pHT3. The resulting plasmid, 
pHT3/MfeI, contains two Xhol sites on either side of an Mfel site cloned into pHT3. 
Plasmid pHT3 was generated by Kevin Williams, a previous undergraduate student in our 
laboratory. 
2.1.8.8 PHT14 and pHTl 6 
The DNA fragment containing the intergenic region upstream oichwN was 
amplified by PCR with genomic wild type C. acetobutylicum as the template DNA. The 
upstream forward and reverse primers Upstl4F and Upstl4R, respectively, were 
generated by adding an Mfel restriction site and two pyrimidine bases 5' of the Mfel site. 
The 313-bp amplified DNA fragment was digested with Mfel and ligated into the 
pHT3/MfeI plasmid to yield pHT14. The plasmid pHT16 was generated in the same 
manner using the upstream forward and reverse primers Upstl6F and Upstl6R, 
respectively, to PCR amplify the 167-bp DNA fragment. The correct clone and forward 
orientation of the upstream region was confirmed by automated DNA sequencing. 
2.1.8.9 PTL14 and pTL16 
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The DNA fragment containing the intergenic region upstream of chwl4 was 
amplified by PCR with genomic wild type C. acetobutylicum as the template DNA. The 
upstream forward primer pTL14F was generated by adding a Xhol restriction site and 
three pyrimidine bases 5' of the Xhol site. The upstream reverse primer pTL14R was 
generated by adding a BamHI restriction site and three pyrimidine bases 5' of the BamHI 
site, again for optimized cleavage of the PCR product. The 298-bp amplified DNA 
fragment was digested with Xhol and BamHI and ligated into XhoI/BamHI-digested 
pThiLac plasmid to yield pTL14. The correct clone was confirmed by automated DNA 
sequencing. The plasmid pTL16 was generated in the same manner using the upstream 
forward and reverse primers pTL16F and pTL16R, respectively, to PCR amplify the 151-
bp DNA fragment. The correct clone was confirmed by automated DNA sequencing. 
2.2 Chapter 3 methods 
2.2.1 Two-dimensional electrophoresis 
Cell pellets were thawed, heat denatured, and disrupted by sonication. Crude 
protein extracts were separated from cellular debris by centrifiigation (7000 x g, 10 min.) 
and the protein content of the supernatant fraction was determined (Bradford 1976). 
Duplicate samples of 200 jig of protein were resuspended in immobilized pH gradient 
(IPG) reswelling solution containing urea/thiourea rehydration buffer (pH 3-7) overnight 
and isoelectric focusing separation was carried out. Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) in the second dimension was performed 
and the gels were fixed and stained with Coomassie Blue (Genomic Solutions Inc, Ann 
Arbor, MI). The two dimensional electrophoresis was performed by Genomic Solutions 
(Ann Arbor, MI). 
37 
2.2.2 Image analysis and protein identification 
Duplicate two-dimensional gels were obtained for each cell time point sample and 
imaged on a flat bed scanner (HT analyzer software, 200 dpi, Genomic Solutions Inc, 
Ann Arbor, MI). Protein features were detected (Spot Detection Wizard software, 
Genomic Solutions Inc, Ann Arbor, MI) and matched among the gels. The background 
for each spot was assessed by a small area around, but not including, each individual 
protein spot. The individual background values are subtracted from the volume of each 
spot, where the mathematical volume is defined as the area of a spot multiplied by its 
intensity value. The volume of each spot is normalized by expressing it as the proportion 
of the total volume of all spots in a given gel (Genomic Solutions Inc, Ann Arbor, MI). 
Comparisons of spots between gels are made with normalized volumes, rather than actual 
spot volumes, to eliminate inherent experimental variations between gels. 
Selected gel plugs of individual protein spots were analyzed by mass 
spectroscopy for protein identification in the gel with the highest resolution. The excised 
protein spots were trypsin digested in the gels. The digested supernatant fluid was mixed 
with MALDI matrix (oc-cyano-4 hydroxy cinnamic acid), spotted onto a MALDI target, 
and then inserted into the MALDI-TOF mass spectrometer (Voyager DE-STR, Applied 
Biosystems). The peptide mass fingerprints were analyzed (MS-Fit software of Protein 
Prospector and Proteometrics software of ProFound). The digested peptide masses were 
matched with between 9 and 30 peptide sequences in the database to identify the 
clostridial protein in the sample with genome encoded ORFs (Genomic Solutions Inc, 
Ann Arbor, MI) that correlated with the genome sequence of C. acetobutylicum (Nolling 
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et al. 2001). The image analysis and protein identification was performed by Genomic 
Solutions (Ann Arbor, MI). 
2.2.3 0A box determination 
The intergenic regions upstream of the genes encoding the proteins or upstream of 
the first gene of a known or putative operon were scanned for putative 0A boxes, with the 
sequence TGNCGAA and allowing one mismatch (Tomas et al. 2003a). This method 
was performed by Papoutsakis group at Northwestern University (Evanston, IL). 
2.3 Chapter 4 methods 
2.3.1 Isolation of total RNA for primer extension 
Total RNA for the time course primer extension studies was isolated from wild-
type (ATCC 824) and recombinant C. acetobutylicum strains [824(pHT14) and 
824(pHT16)] collected during the following time points indicated in Table 2.5 in 
controlled-pH fermentations. To ensure adequate RNA isolated from all time points, 
especially early ones, the sample volume harvested was dependent on growth stage as 
monitored by OD 6oo- For the time points taken the volume harvested is indicated in 
parentheses: OD600 = 0.4 (30 mL), 0.8 (15 mL), 1.2 (10 mL), 1.6 (10 mL), 2.0 and later 
time points (5 mL). Samples were centrifuged, cell pellets were resuspended in 200 uL 
of lysis buffer (20 mg lysozyme per mL of 25% sucrose, 0.05M Tris-HGl, 0.05M 
EDTA), and incubated at 37 °C for 5 minutes. One milliliter of TRIzol solution 
(Invitrogen, Carlsbad, CA) was added and the manufacturer's recommendations were 
followed for RNA isolation with one exception; an equal volume of 25 phenol: 24 
chloroform: 1 isoamyl alcohol mixture pH 8 was used instead of 0.2 mL of chloroform in 
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TABLE 2.5. Time and OD6oo of samples when harvested for primer extension studies 
Strain: 824 
Hour 
3.0 
4.1 
4.6 
5.2 
5.9 
8.1 
11.9 
18.1 
24.1 
ODfioo 
0.4 
0.9 
1.2 
1.5 
2.3 
3.5 
5.2 
6.4 
7.4 
824(pHT14) 
Hour 
2.5 
4.0 
5.0 
5.3 
5.9 
7.9 
11.9 
18.1 
24.0 
OD600 
0.4 
0.9 
1.5 
1.7 
2.2 
3.5 
4.3 
4.0 
1.3 
824(pHT16) 
Hour 
1.8 
3.2 
4.0 
4.8 
6.0 
8.3 
12.0 
18.2 
24.1 
OD6oo 
0.4 
0.8 
1.1 
1.7 
2.1 
3.5 
4.6 
4.8 
4.9 
order to extract protein from the nucleic acids. RNA concentration was determined from 
OD26o measurements (1 OD26o unit = 40 |xg of RNA per mL). 
2.3.2 Primer extension analysis 
Time course primer extension reactions for chwl4 and chwl6/l 7 were performed 
with 14primext and lacZup primers by using an Avian Myeloblastosis Virus reverse 
transcriptase primer extension system (Promega, Madison, WI) using 100 u.g and 20 ug 
of total RNA, respectively, isolated from wild type C. acetobutylicum 824 and 
recombinant 824(pHT14), and 824(pHT16) strains, respectively. 
The exact transcriptional start sites for chwl4 and chwl6/l 7 were mapped using 
sequencing reactions based on the Sanger dideoxy method. The sequencing reactions 
were performed on the corresponding DNA by using the same primer that was used for 
the primer extension reactions. Sequencing was performed using Sequenase Quick-
denature plasmid sequencing protocol (USB Corporation, Cleveland, OH) with the 
radiolabeled lacZup primer complementary to the 5'end of the lacZ gene encoded on 
pHT14 and pHT16. Sequencing and primer extension products were visualized on a 6% 
polyacrylamide sequencing gel using the Otter sequencing system (Owl Separation 
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Systems, Portsmouth, NH). Sequencing gels were run at 45 °C at 1,100 V for 3 h. All 
reactions and sequencing were performed according to manufacturer's specifications with 
one exception; SUPERase-In RNAse inhibitor was added to the reactions to prevent RNA 
degradation (Ambion, Austin, TX). 
2.3.3 RNA sampling, isolation, and cDNA labeling for microarray 
The methods used for RNA isolation, reverse transcription, and cDNA probe 
labeling have been previously described (Alsaker et al. 2005). These methods were 
performed by Papoutsakis group at Northwestern University (Evanston, IL). 
2.3.4 Microarray construction, hybridizations, and normalization 
The methods used for construction and validation of the full-genome microarrays 
and hybridizations were described previously (Alsaker et al. 2005). These methods were 
performed by Papoutsakis group at Northwestern University (Evanston, IL). Briefly, 
microarrays were spotted with PCR-generated targets (designed to minimize non-specific 
hybridization) 150 to 500 bp in size. A total of 3,802 genes are present on the 
microarrays (97% genome coverage). Samples from the stressed cultures were 
hybridized against oppositely labeled samples from the control culture at the same time 
point. At least two hybridizations were performed at each time point. To minimize dye 
biases, dyes (Cy3 and Cy5) were swapped for each replicate. Microarray data were 
normalized and differential-gene expression was identified using a segmental nearest-
neighbor approach (Yang et al. 2003) coded in MATLAB (MathWorks, Natick, MA). 
Genes showing an intensity of 300 units or less were considered not expressed (Alsaker 
etal.2005). 
2.3.5 3-galactosidase assays 
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Time course p-galactosidase assays were performed as previously reported 
(Tummala 1999). Recombinant C. acetobutylicum [strains ATCC 824 (pHT3), 824 
(pHT4), 824 (pHT14), and 824 (pHT16)] cells were collected every two hours from 2 h -
24 h. Recombinant C. acetobutylicum [strains ATGC 824 (pThiLac), 824 (pTL14), and 
824 (pTL16)] cells were collected every four hours from 4 h - 24 h and again at 30 h. 
2.3.6 Construction of alignments and trees 
Proteins containing ChW domains were identified from the SMART (Letunic et 
al. 2006; Schultz et al. 1998) and Pfam (Finn et al. 2006) architecture databases. Full 
sequences of proteins containing ChW domains were subjected to phylogenetic analysis. 
Alignments were constructed using the multiple sequence alignment mode of ClustalX 
(Thompson et al. 1997). Protein trees were constructed using the neighbor-joining 
method (Saitou and Nei 1987) implemented in the ClustalX program. Bootstrap analysis 
was performed using 200 and 750 iterations of tree building trials and 1000 random seed 
generations. 
2.3.7 Protein secondary structure prediction 
Protein secondary structure prediction was performed by Multivariate Linear 
Regression Combination as previously reported (Guermeur et al. 1999). 
2.3.8 Expression of chwl4 and chw!6 in E. coli 
The pilot expression studies were performed as follows. The plasmid constructs 
were individually transformed into the selected E. coli strain. The base plasmid for each 
construct was used as a control for expression experiments. The E. coli strain harboring 
the plasmid was grown at 37 °C in 10 mL LB medium. When the OD600 reached 0.6, the 
cells were induced with 1 mM isopropyl-p-thiogalactoside (IPTG) and grown for a 
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fUrther period of 5 h at 37 °C. The expression level of chwl4 and chwl6 was analyzed by 
SDS-PAGE (Laemmli 1970) using total cell pellets of variable protein concentration or 
an equal protein quantity loaded into each lane. Uninduced cell pellets were used as a 
control. When no obvious product band was detected in the induced lane of the protein 
gel, then immunoblots using anti-His antibody (Invitrogen, Carlsbad, CA) were 
employed. 
2.3.8.1 pTrcHis 14 and pTrcHis 16 in TOP10 and in BL2UDE3) Codon Plus-RIL 
Plasmids pTrcHis_14 and pTrcHis_16 were individually transformed into E. coli 
TOP 10 (Invitrogen, Carlsbad, CA). TOP 10 (pTrcHisl4/16) expression levels were 
analyzed by SDS-PAGE (Laemmli 1970) and immunoblots. Transformation of 
pTrcHis_14 and pTrcHis_16 into BL21(DE3) Codon Plus-RIL E. coli was not successful. 
2.3.8.2 pTrcHis2 14 and pTrcHis2 16 in TOP10 and in BL21 (DE31 Codon Plus-RIL 
The plasmids pTrcHis2_14 and pTrcHis2_16 were individually transformed into 
E. coli TOP 10. Expression was analyzed by SDS-PAGE and immunoblot. 
Transformation of pTrcHis2_14 and pTrcHis2_16 into BL21(DE3) Codon Plus-RIL E. 
coli was not successful. 
2.3.8.3 PET14-N and pET16-N in BL2KDE3) 
The plasmids pET14-N and pET16-N were individually transformed into E. coli 
BL21(DE3). Expression was analyzed by SDS-PAGE and immunoblot. 
2.3.8.4 pET14domain. pET16domain. pET14Cterminus, and pET16Cterminus in 
BL2UDE3-) 
The plasmids pET14domain, pET16domain, pET14Cterminus, and 
pET16Cterminus were individually transformed into E. coli BL21(DE3). Expression was 
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analyzed by SDS-PAGE and immunoblot. 
2.3.9 Expression ofchw!6 in C. acetobutvlicum using pPTB16 
The plasmid pPTB16 was transformed first into E. coli DH10B. Expression was 
analyzed by SDS-PAGE and immunoblot. A candidate clone that gave a positive signal 
on an immunoblot was chosen to be methylated and electroporated into C. 
acetobutylicum 824. Transformant 824(pPTB16) colonies were pooled into 3 groups and 
expression was analyzed by SDS-PAGE and immunoblot. 
2.3.10 Purification of ChW14 and ChW16/17 
E. coli strain harboring the plasmid was grown at 37 °C in 50 mL LB medium in 
shake flasks. When the OD600 reached 0.6, the cells were induced with 1 mM isopropyl-
P-thiogalactoside (IPTG) and grown for a further period of up to 5 h at 37 °C. The 
uninduced control and induced cell were lysed by sonication. The lysate was clarified by 
centrifugation at 10,000 x g for 30 minutes. The purification of recombinant ChW14 and 
ChW16/17 was performed using a nickel affinity column (Qiagen, Valencia, CA) or 
glutathione affinity column (Novagen, La Jolla, CA) according to the manufacturer's 
recommendations. 
2.3.11 Polyclonal peptide antibody preparation 
Small peptides specific to ChW14 and ChW16/17 were chemically synthesized, 
conjugated to the carrier protein, keyhole limpet hemocyanin (KLH), and injected into 2 
rabbits (for ChW14) or 2 chickens (for ChW16/17) for generation of anti-peptide 
antibodies in duplicate (Alpha Diagnostics International (ADI), San Antonio, TX). The 
19 amino acid sequence used for ChW14 peptide was QDMSTDEMKADIEDSYKDND 
and for ChW16/17 peptide was (C)EATEEQAKNNLIKLYDYNN, where the N-terminal 
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cysteine is not part of the original protein sequence, but added solely for conjugation to 
the carrier protein. Enzyme linked immunosorbent assays were performed (ADI, San 
Antonio, TX) for two reasons: first, to verify that the pre-immune sera did not already 
have antibodies against ChW14 and ChW16/17 and last, to show that the antibodies 
raised were reactive against the ChW14 and ChW16/17 peptide antigens (Table 2.6). 
2.3.12 SDS-PAGE and immunoblotting 
SDS-PAGE and immunoblotting were used to visualize the ChW14 and 
ChW16/17 proteins expressed from the various constructs generated in this work. The 
gel lanes were usually loaded with variable protein levels because crude cell pellets were 
analyzed. Proteins were separated by SDS-PAGE (10% or 12% w/v polyacrylamide gel) 
as previously described (Laemmli 1970) and transferred electrophorectically onto 
nitrocellulose membranes (GE Osmonics, Minnetonka, MN). The membrane was 
incubated for 1 h at room temperature in blocking buffer (3% w/v BSA) in tris buffered 
saline (TBS), 1 h in the primary antibody (mouse anti-His, Invitrogen or Novagen; rabbit 
polyclonal anti-ChW14 serum, ADI, San Antonio, TX); or chicken polyclonal anti-
ChW16/17 serum, ADI, San Antonio, TX). The membranes were washed in tris buffered 
saline with tween-20 (TSB-T) and bound antibodies were detected with the following 
alkaline phosphatase conjugates: goat anti-mouse IgG (Promega, Madison WI), goat anti-
rabbit IgG (Sigma, St. Louis, MO), rabbit anti-chicken IgY/ IgG (Sigma, St. Louis, MO). 
Various dilutions of the both the primary and secondary antibodies were analyzed to 
determine which gave optimal ratios. The substrates used were nitroblue tetrazolium and 
5-bromo-4-chloro-3-indolyl phosphate (Bio-Rad, Hercules, CA). 
2.3.13 Indirect enzyme linked immunosorbent assay (ELISA) 
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Table 2.6. ELISA analyses of sera by Alpha Diagnostics International 
chwl4 
antibody dilution 
1:100 
1:1,000 
1:10,000 
1:100.000 
titre 
rabbit #9310 
pre-immune 
0.224 
0.162 
0.153 
0.224 
bleed 1 
1.450 
0.778 
0.749 
0.647 
1:1.000 
rabbit #9311 
pre-immune 
0.302 
0.165 
0.162 
0.143 
bleed 1 
>2.101 
1.926 
1.500 
0.874 
1:100.000 
chwl6 
antibody dilution 
1:100 
1:1,000 
1:10,000 
1:100.000 
titre 
chicken #C620 
pre-immune bleed 1 
0.200 
0.098 
0.076 
0.072 
>3.702 
>3.394 
>3.301 
>1.678 
1:100.000 
chicken #C621 
pre-immune bleed 1 
0.202 
0.098 
0.072 
0.070 
>3.646 
>3.459 
>3.214 
1.176 
1:100.000 
Polystyrene flat-bottomed 96-well microtitre plates were coated with as much as 
10 u,g/ mL antigen in 50 uL of either phosphate buffered saline (PBS, 137 mM NaCl, 2.7 
mM KC1, 4.3 mM Na2HP04.7H20, 1.4 mM KH2P04, pH 7.3) or 0.1 M carbonate buffer 
(pH 9.6, pH 7.3, or pH 5) and incubated overnight at 4 °C. The peptide antigen and 
horseradish peroxidase (HRP) conjugate were serially diluted 1:2 in a criss-cross pattern 
on the 96-well microtitre plates. The antigens used as a positive control were the 
synthesized ChW14 or ChW16/17 peptide. The test antigens used were either the crude 
lysate and purified fractions of recombinant ChWHCterminus and ChW16Cterminus 
proteins expressed in E. coli or the supernatant and clarified soluble protein fractions of 
C. acetobutylicum 824 during static flask fermentation. Peptide and protein 
concentration was determined by the method of Bradford (1976). After the plates were 
coated with antigen, the plates were washed, and the residual binding capacity of the 
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plate was blocked. The plates were washed with either 200 JIL of milli-Q water or wash 
buffer (PBS-T, 1% (w/v) caseinate in PBS, 5% (w/v) caseinate in PBS, or 5% caseinate 
(w/v) in imidazole buffered saline [IBS]) three times. After the initial wash, the plates 
were blocked by adding 200 uL of blocking buffer (with 0.25% (w/v) BSA in PBS-T, 1% 
(w/v) caseinate in PBS, 5% (w/v) caseinate in PBS, or 5% caseinate (w/v) in IBS) to the 
wells and incubated at 37 °C for 1 h or room temperature for 2 h. After the blocking step, 
the plates were washed 5 times in blocking buffer for 5 minutes at room temperature. 
One hundred microliters of sera (bleed 1 or bleed 2) containing polyclonal anti-ChW14 
or anti-ChW16/17 primary antibodies (as described previously) diluted in blocking buffer 
was added to each well and incubated for 30 minutes or 1 h at room temperature, and 
washed 3 or 5 times for 5 minutes at room temperature. Preimmune serum was used as a 
negative control. Then 100 uL of 1:5,000 or 1:10,000 initial dilution of anti-rabbit or 
anti-chicken horseradish peroxidase conjugate antibody (Fisher Scientific, Rockford, IL) 
in blocking buffer was added for 1 h at 37 °C, 2 h at room temperature, or 30 minutes at 
room temperature in various experiments. The wells were washed 3 or 5 times in wash 
buffer for 5 minutes at room temperature, and 100 \JLL of TMB (3,3',5,5'-
tetramethylbenzidine) substrate (Fisher Scientific, Rockford, IL) was added to each well. 
After 15 or 30 minutes, the reaction was stopped by the addition of 100 |WL of 2M H2SO4 
and the OD450 was measured. 
2.3.14 Protein determination 
Protein concentration was determined by the method of Bradford using bovine 
serum albumin as the standard (Bradford 1976). 
2.3.15 Solubility assay 
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The purified ChW16Cterminus protein was tested for solubility in various buffers, 
as a representative protein fragment, according to previously published filtration methods 
(Bondos and Bicknell 2003). The cosolvents individually tested were 10% glycerol, 500 
mM glucose, 1M sodium chloride (NaCl), 200 mM NaCl, 5 mM dithiothreitol (DTT), 10 
mM ethylenediaminetetraacetic acid (EDTA), 500 mM arginine, 500 mM proline, 0.5 
mM urea, 60 (xM Tween 20, 150 mM ammonium sulfate. The combination of 
cosolvents, with the same previous concentrations, tested were EDTA with Arginine, 
EDTA with 1M NaCl, EDTA with DTT, Arginine with 1M NaCl, Arginine with DTT, 
and 1M NaCl with DTT. The soluble and aggregated protein fractions were visualized 
on SDS-PAGE and by immunoblotting. 
2.3.16 Phenotvpe screening of anti-sense downregulated ChW14 and ChW16/17 
Phenotype screening of anti-sense downregulated ChW14 and ChW16/17 were 
performed using batch culture fermentations. Growth profiles were generated by 
harvesting samples at times corresponding to 0, 4, 8, 12, 16, 20, 24, 30, 36, 42, 48, 60, 72 
h in the following C. acetobutylicum strains: 824(pASsos), 824(pAS14), and 
824(pAS16). Fermentation products were analyzed at each sample harvest. Morphology 
and sporulation analyses were performed according to previously published methods 
(Scotcher and Bennett 2005). 
2.4 Chapter 5 methods 
2.4.1 Generation of mutant butvrate kinase II enzymes 
Fourteen mutants of butyrate kinase II were generated by PCR-based mutagenesis 
and cloned into pET32BK. M1-M6 utilized replacement of a 259 bp Nsil/SacI fragment. 
M7-8 utilized replacement of a 351 bp Sacl/Hindlll fragment. M9-M14 utilized 
replacement of a 145 bp HindM/XhoI fragment. Mutants Ml-Ml4 were generated by a 
two-step PCR protocol where the 1st PCR step included two independent reactions and 
the products of those reactions were used as the template in the 2nd PCR step. The 
template in the 1st PCR step was pET32BK. The primers used in the first step were 
P184-S5529/P184-AM# for one reaction and P184-SM#/P184-A6842 for the second 
reaction, where # designates the number of the mutant (1-14). Two clones of the 
wildtype plasmid, pET32BK, and each mutant were sequence verified using two different 
sequencing primers. The wildtype butyrate kinase II sequence in pET32BK was verified 
using S-tag and T7-Seq2 primers. M1-M6 variants were verified with primers P184-
S5994 and P184-A6407. M7 and M8 variants were verified with P184-S5994 and P184-
S5994 primers. M9-M14 variants were verified with P184-S6586 and T7-Rev primers. 
The sequence of the amplification and sequencing primers are listed in Table 2.2. 
Mutants were generated and sequence verified by ATG laboratories, Inc. (Eden Prairie, 
MN). 
2.4.2 Expression and purification of butyrate kinase II and variants 
The butyrate kinase II wildtype and variant genes were expressed and proteins 
purified as previously described (Huang et al. 2000). 
2.4.3 Butyrate kinase assay 
The butyrate kinase activity for wildtype and mutant BKII enzymes was assessed 
as previously reported (Huang et al. 2000), except the Specific Activity calculations were 
performed using E54onm= 0.691 cm"1 mM'1 whereas Huang et al. (2000) may have used 
E540nm= 0.169 cm"1 mM"1, a presumed typographical error in Cary et al. (1988). 
2.4.4 Butyrate kinase II model visualization 
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The acetate, propionate, and butyrate kinase amino acid sequences were multiply 
aligned using CLUSTALW (Thompson et al. 1994) and a model was generated using 
Geno3D (Combet et al. 2002). The C. acetobutylicum primary butyrate kinase (BKI) and 
secondary butyrate kinase (BKII) amino acid sequences were threaded onto the M. 
thermophila acetate kinase structure, pdb accession code 1G99, (placement of the 
AMPPNP and ethylene glycol was performed by a structural superposition of the model 
with the S. typhimurium propionate kinase structure, pdb accession code 1X3N). The 
BKI model produced by Geno3D is missing the N-terminal methionine that is present in 
the BKI of C. acetobutylicum sequence file and 31 C-terminal residues that did not align 
with the 1G99 structure; resulting in a representation of 323 of the total 355 amino acid 
residues (the 1G99 structure is missing 9 C-terminal residues from the crystal structure 
solution). The BKII model is missing 2 N-terminal residues that are present in the BKII 
of C. acetobutylicum sequence file and 8 C-terminal residues are missing, yielding a 
model that represents 346 of the total 356 amino acid residues present in the BKII 
sequence. The homodimeric model structure for BKII of C. acetobutylicum was created 
from the monomer using the symmetry operations associated with the space group of the 
crystal structure of 1G99. The structural alignments were visualized and images were 
created using MacPyMOL (DeLano 2002). Model threading and image generation were 
performed by Dr. Mary Susan Cates, Rice University. 
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Chapter 3 - Proteome analysis and comparison of Clostridium acetobutylicum ATCC 
824 and SpoOA strain variants 
A portion of the material presented in this chapter as been published (Sullivan and 
Bennett 2006). 
3.1 Introduction 
Gene expression is controlled at multiple levels. In bacteria, most resources are 
devoted to exercising control at the transcriptional level and this is the level most often 
examined by researchers. In C. acetobutylicum, the transcriptional profile of genes 
affected by the metabolic switch from exponential growth to solvent production and 
sporulation has been examined (Durre et al. 2002). Because this is a switch to butanol 
production, which imposes a stress, the stress transcriptional profile has been determined 
(Alsaker et al. 2004; Tomas et al. 2004). The stress transcriptional profile is affected by 
SpoOA (Alsaker et al. 2004; Harris et al. 2002) as outlined in the Introductory chapter in 
section 1.5. In addition to transcriptional control, gene expression can be controlled at 
the translational level by altering mRNA stability or translational efficiency. Once the 
mRNA has been translated into protein, the activity of the protein may be altered by 
many means: post-translational modification, the presence of metabolic small molecule 
effectors, interactions with other proteins, and/or differences in protein stability caused 
by targeted degradation. 
3.2 Rationale of methods 
The reasons for this study were two-fold: firstly, to examine how the population 
of soluble proteins changes as C. acetobutylicum transitions from acidogenic to 
solventogenic phase and secondly, to examine SpoOA-regulated expression at the protein 
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level when the level of SpoOA is varied in over-expression and deletion strains. I 
employed two-dimensional electrophoresis to separate and observe the general profile of 
the proteins. I then selected a small group of proteins for further identification by mass 
spectroscopy. Protein profiles were compared under three situations: between the 
acidogenic and solventogenic phases in the wild type; between a control strain and a 
spoOA null strain; and between a control strain and a spoOA over-expression strain. The 
effects of the alteration on the general protein pattern and specifically the changes 
observed with the sample of analyzed proteins will be discussed. The separation, 
quantitation, and identification methods are fully described in section 2.2 in the materials 
and methods chapter. 
3.3 Results 
3.3.1 Growth of strains under selective media 
Because C. acetobutylicum 824, the wild-type strain without any antibiotic 
resistance, grows faster than the strains requiring antibiotic selection [824(pIMPl), 
824(pMSPOA), SKOl] a strain harboring the base plasmid, C. acetobutylicum 824 
(pIMPl), was used as the control strain. This control strain was used for comparison to 
824(pMSPOA) and SKOl so that antibiotic influence on the proteomic profiles would be 
consistent between the strains. The strains C. acetobutylicum 824 (pIMPl) [wild-type 
strain harboring the pIMPl base plasmid used to generate pMSPOA], C. acetobutylicum 
824 (pMSPOA) [carries spoOA cloned into pIMPl for over-expression], and SKOl 
[spoOA disrupted by an antibiotic resistance cassette] were grown under either 
erythromycin or clarithromycin selection (Harris et al. 2002). Because all three strains 
were grown under selection they had similar growth profiles, thus making time point 
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comparisons more direct. In order to validate the use of a strain bearing a plasmid as a 
control, C. acetobutylicum 824 grown without selection was compared to C. 
acetobutylicum 824 (pIMPl) under selection. The general features of the resulting 
proteomic profiles from both strains were essentially indistinguishable (data not shown). 
Thus, neither growth under selective media nor the maintenance of a plasmid distorted 
the proteome pattern in any obvious fashion. 
3.3.2 Choice of protein spots for analysis and identification 
Because the number of proteins that are identified in a proteomic study are 
relatively few in comparison to the number of proteins spots analyzed, in this study only 
1%, the protein spots chosen should be interesting or representative under a given 
condition (such as during a particular time during growth in wild type or in a mutant 
strain). Interesting spots would be ones dramatically over-expressed or absent in a 
particular condition. Representative spots would be when multiple spots behave similarly 
with distinctive features or trends, and a select few would be chosen for identification for 
extrapolation to the entire group. Twenty three protein spots were chosen for 
identification based on differential accumulation during a time course in at least one of 
the four strains analyzed [824, 824(pIMPl), 824(pMSPOA), SKOl]. Table 3.1 indicates 
the confidence level that the protein is identified correctly with the % mass calculation. 
The percentage of the mass identified as the specified protein was based on multiple 
peptide fragments, each with a given mass and fragment of the overall protein sequence, 
such that a higher percent mass indicates more of the entire protein sequence, and thus 
more of its mass, was represented in the peptide fragments used for identification. The 
levels of each of the identified proteins chosen either vary from the levels in the control 
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strain in at least one condition or the levels were approximately constant in the control 
strain and considered as a constant level of protein for standardization. The differentially 
accumulated proteins chosen had a high level of intensity in some gels indicating that 
their encoding genes were expressed well; thus allowing for subsequent analysis. The 
proteins chosen span various molecular weight sizes and isoelectric points so that one 
area would not be over-represented or subjected to distortion if a portion of the gel was 
especially sensitive to a technical aberration. The 23 proteins identified are listed in 
Table 3.1 with their corresponding spot identification numbers which can be used to 
locate the individual protein spot in the representative two-dimensional gel from late 
stationary/ solventogenic phase in Figure 3.1. A total of 2,081 protein spots were well 
resolved and their intensities were measured on all gels, of which approximately 300, and 
likely the same 300, were typically resolved on each individual gel. The relative 
proportion of up- and downregulated protein spots in the wild type control was similar to 
a previous proteomic study in C. acetobutylicum (Schaffer et al. 2002). Identified 
proteins are then examined for corroboration with predicted sizes and isoelectric points. 
3.3.3 Molecular weight and isoelectric point agreement between experimental and 
predicted values 
The predicted and experimental values for molecular weights and isoelectric 
points were compared. As Table 3.1 shows, the molecular weights for 22 of the 23 
identified proteins matched within 7 kDa between the calculated and apparent values. 
The noteable exception was one variant of Tpi (spot 42), in which the discrepancy was 16 
kDa. Seven kDa is a size differential that can be reasonably explained by experimental 
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TABLE 3.1. Characteristics of identified C. acetobutylicum proteins 
Protein, short name (Annotation ORF #) Spot# % 
Mass3 
MW 
calcb 
MW 
appc 
pi 
calc 
Pi 
app 
Stress proteins 
GroEL (CAC2703) 
GroEL (CAC2703) 
GroES (CAC2704) 
Heat shock protein 18, Hspl8 (CAC3714) 
Heat shock protein 18, Hspl8 (CAC3714) 
Phage shock protein A, PspA (CAC0313) 
Acid and solvent formation proteins 
Acetoacetate decarboxylase, Adc (CAP0165) 
Fructose-bisphosphate aldolase, Fba (CAC0827) 
Glucose-6-phosphate isomerase, Pgi (CAC2680) 
Glyceraldehyde-3-phosphate 
Dehydrogenase, GapC (CAC0709) 
Triosephosphate isomerase, Tpi (CAC0711) 
Triosephosphate isomerase, Tpi (CAC0711) 
Butyryl-CoA dehydrogenase, Bed (CAC2711) 
Butyryl-CoA dehydrogenase, Bed (CAC2711) 
Transcription and translation proteins 
DNA-dependent RNA polymerase a 
Subunit, RpoA (CAC3104) 
SpoOA, SpoOA (CAC2071) 
Ribosomal protein L7/L12, RplL (CAC3145) 
Translation elongation factor P, Efp (CAC2094) 
Other proteins 
Glycogen-binding regulatory subunit 
of S/T protein phosphatase I, Ppi (CAP0129) 
ATP synthase subunit •.AtpD (CAC2865) 
Protein containing ChW-repeats, 
ChW14(CAC1532) 
Protein containing ChW-repeats, 
ChW16/17(CAC2584) 
Protein containing ChW-repeats, 
ChW16/17 (CAC2584) 
80 
85 
119 
213 
118 
103 
93 
58 
22 
92 
42 
65 
113 
33 
67% 
83% 
52% 
50% 
66% 
42% 
38% 
69% 
29% 
46% 
42% 
42% 
36% 
56% 
58.1 
58.1 
10.4 
17.7 
17.7 
25.0 
27.5 
30.4 
49.8 
35.9 
26.5 
26.5 
41.4 
41.4 
60-58d 
60-56 
16 
20-19 
22 
27 
30 
31 
47 
42 
42 
26 
42 
42 
4.70 
4.70 
4.81 
5.09 
5.09 
5.16 
5.77 
5.36 
5.21 
5.87 
5.68 
5.68 
5.92 
5.92 
3.9 
4.0 
4.1 
4.0 
5.0 
5.0 
6.0 
5.4 
4.8 
6.0 
3.6 
6.0 
6.0 
6.3 
36 49% 35.4 43 4.75 4.0 
240 
73 
67 
173 
87 
14 
16 
17 
60% 
43% 
51% 
61% 
69% 
45% 
48% 
44% 
31.5 
12.6 
21.1 
28.0 
51.1 
53.6 
52.9 
52.9 
30 
16 
25 
27 
50 
54 
54-51 
54-52 
6.42 
4.66 
4.78 
6.09 
4.68 
4.85 
5.02 
5.02 
6.9 
4.0 
4.4 
4.4 
3.8 
4.0 
4.1 
4.2 
a percent of the total mass of the protein identified as the protein indicated based on 9-30 peptide 
sequences analyzed and compared 
b calc, Calculated MWs and pis were calculated using the statistical analysis of protein sequence 
and isoelectric point determination programs, respectively, located at workbench.sdsc.edu 
c app, Apparent MWs and pis as observed on the two-dimensional gel 
d a range of MWs is given for proteins where their spots were elongated lengthwise 
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Pi 
Figure 3.1: A representative two-dimensional Coomassie-stained protein gel from late stationary phase of 
strain 824 (pIMPl). The proteins identified by mass spectroscopy are numbered as shown. The 
characteristics of each identified protein are listed in Table 3.1. 
error. However, the observed molecular weight is 16 kDa larger than the calculated, 
which could be explained with the addition of a modifier group added to the Tpi protein. 
The isoelectric points for 11 proteins matched within 0.5 pH unit and a total of 21 
of 23 proteins matched within 1 pH unit. The two disparate proteins were one variant of 
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Tpi and Ppi. Variant 42 of Tpi had a difference of 2 pH units while Ppi had a difference 
less than 2 pH units, 1.7. Tpi may have a post-translational modification, e.g., Tpi was 
found in two locations on the two-dimensional gel which is indicative of a post-
translational modification as will be discussed in section 3.4.1. With regard to Ppi, the 
difference in apparent versus calculated isoelectric point values could be due to an error 
in the published sequence of this gene such that a codon is translated with a differently 
charged amino acid incorporated in the protein compared to the calculated amino acid. 
Another alternative is the removal of a few amino acids by a protein processing enzyme 
that could change the charge while making an undetectable change in the overall size of 
the protein. 
3.3.4 Classification of the identified proteins 
Of the 23 identified proteins, 13 were unique and the other 10 included two spots 
for each of the 5 proteins. The proteins were classified according to function: stress, acid 
and solvent formation, and transcription and translation (Table 3.1). These groupings 
were determined by which proteins were chosen for identification based on differential 
protein accumulation patterns. The differential accumulation of multiple stress proteins 
and glycolytic proteins (in the acid and solvent formation category) as the culture 
transitions from exponential to stationary phase, when glucose is no longer being 
consumed and solvent stress is exerted, is reasonable. Likewise, transcription and 
translation protein accumulation patterns between exponential and stationary phase are 
likely to be different to meet the differing needs of the cell. 
Figure 3.2 shows that the accumulation of GroES, a representative of the stress 
proteins identified, increases from mid-exponential to late-exponential and remains at 
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mid-exp late-exp earlv-stat jate-stat 
T -
stress 
GroES 
spot 119 
acid/ solvent 
formation 
Adc 
spot 93 
transcription/ 
translation 
RNAPa 
spot 36 
more than 
one location 
GroEL 
spot 80 
more than 
one location 
GroEL 
spot 85 
Figure 3.2: Growth phase-dependent protein levels. The protein accumulation profiles in 824(pIMPl) for 
four representative proteins, one from each functional classification as well as one identified in more than 
one location, are shown on corresponding sections of Coomassie-stained two-dimensional gels. 
Comparison of the other identified protein spots were done in a similar manner. 
near constant levels the rest of the fermentation. Adc, a member of the acid and solvent 
formation group, increases from mid-exponential to early-stationary phase, and then is 
undetectable by late-stationary phase indicating that this protein is degraded by this late 
time point. RNA polymerase a subunit protein, a representative of the transcription and 
translational category, shows decreasing protein levels during the fermentation. This 
study did not measure transcription rates and therefore it is unknown whether the 
decreased amounts of RNA polymerase a subunit correspond to a decrease in total 
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transcription. GroEL is a protein identified in two positions in this proteomic analysis, at 
spots 80 and 85, directly adjacent to each other. This juxtaposition means that there is 
only a slight variation in protein charge, possibly due to a phosphate group as addressed 
in section 3.4.1, but both proteins have the same molecular mass. Both variants of 
GroEL increase in accumulation during the fermentation, but their total accumulation is 
drastically different with GroEL variant 85 at least twice as abundant as GroEL variant 
80 at all time points. 
3.3.5 Unique features of the proteome 
This study explored two features of the C. acetobutylicum proteome; one has been 
reported in an isolated instance and the other is novel to this work. The relatively 
unknown feature is that of protein identification in multiple locations on the 
two-dimensional gel. This feature has been seen with Hspl8 in the only other proteomic 
study in C. acetobutylicum (Schaffer et al. 2002). In this study, five proteins were 
represented twice among the 23 spots in two different locations on the gel and are listed 
twice in Table 3.1 with each unique corresponding spot number. These proteins will be 
discussed further in section 3.4.1. 
The feature novel to this work was proteins clustering in an orientation 
reminiscent of straightened fingers on a hand. These proteins were prominent in the 
larger molecular weight and more acidic isoelectric point region (see the upper left 
section of the two-dimensional gel in Figure 3.1). The two adjacent variants of GroEL 
(spots 80 and 85) displayed this feature. Two other proteins formed this orientation with 
less variation in molecular weights, ATP synthase subunit 8 (spot 87) and ChWl 6/17 
(spots 16 and 17). In the case of ATP synthase subunit 8, the middle protein of the 
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cluster was identified, but the spots on either side were not analyzed. ChW16 and 
ChW17 were adjacent proteins in the same cluster, with the third protein spot not 
identified. The significance of proteins clustering in this fashion is unknown; however, 
the proteins that cluster are isoforms of the same protein in at least two instances (GroEL 
and ChW16/17) and this may be the case for other such spots of this type. Furthermore, 
because this is the first report of this feature being described and this study is only the 
second proteomic work in C. acetobutylicum, it is currently unknown how wide-spread 
this proteomic pattern will be in further C. acetobutylicum proteomic analyses. 
3.3.6 Identified proteins that were upregulated during fermentation 
Many proteins identified were upregulated during later growth phases: these 
included stress proteins, the known solvent phase inducible Adc and others (Table 3.2). 
Table 3.2 lists the average intensity values for all identified proteins during the 
fermentation in the wild type control strain according to whether the proteins increased or 
decreased over time. Stress proteins found to be upregulated include GroEL, GroES, heat 
shock protein 18 (Hspl8), and phage shock protein A (PspA). Stress proteins are under 
complex and multiple controls (Rosen and Ron 2002). GroEL and its cofactor GroES 
prevent misfolding, promote refolding, and encourage proper initial folding of nascent 
polypeptides (Sherman and Goldberg 1992). GroEL was identified in two locations on 
the two-dimensional gel, directly juxtaposed to one another. GroES was identified in one 
location on the gel. The genes groEL and groES form a two gene operon (Narberhaus 
and Bahl 1992), and each is present in one copy in the C. acetobutylicum genome. 
GroES accumulates approximately 7-fold while both GroEL proteins increase about 
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TABLE 3.2. Intensity values for identified protein spots in 824(pIMPl) 
Proteins early-mid 
exponential 
+ % difference3 
Unregulated over time 
GroEL (80)b 
GroEL (85) 
GroES 
Hspl8 (118) 
Hspl8 (213) 
PspA 
Adc 
Ppi 
ChW14 
ChW16/17 (16) 
ChW16/17(17) 
354 ±14 
1087 + 6 
106 ±2 
80 + 11 
d 
112 + 2 
55 + 14 
-
55 + 18 
215 + 12 
49+16 
Downreeulated over time 
Pgi 
Tpi(42) 
AtpD 
Bed (33) 
RplL 
RpoA 
Constant over time 
SpoOA 
GapC 
Bed (113) 
Tpi (65) 
Fba 
Efp 
262 ±7 
1046 ±6 
695 ±18 
1161+22 
1303+25 
433 ±9 
c 
890 ±2 
93 + 141 
353 + 3 
258 + 3 
86 + 31 
mid-late 
exponential 
+ % difference3 
410±7 
1499 ±21 
555 ±18 
326 ±3 
-
158 ±60 
81 + 11 
-
168 + 10 
338+14 
95 ±46 
153 + 21 
586±4 
294 ±17 
519 + 22 
1039 ±8 
194 ±20 
c 
967 ± 12 
c 
328 ±21 
382 + 26 
135 + 7 
early 
stationary 
+ % difference3 
566 + 1 
1923 + 13 
584 ± 33 
467 ±0 
-
151 + 15 
603 ± 16 
235 ± 30 
398 ±27 
475 ± 17 
117 + 8 
158 + 10 
569 ±4 
349 ±8 
796 + 16 
881 + 11 
205 ±1 
c 
1300+22 
206 ± 25 
349 ±6 
520 ± 25 
284 + 62 
late 
stationary 
+ % difference3 
808 + 23 
1940 + 0 
705 ±0 
c 
721+9 
271 ±7 
-
c 
-
577 + 8 
217 ±24 
47 ±14 
673 ±5 
-
249 + 11 
311 +33 
c 
-
539 ± 20 
c 
104+17 
251+44 
203 + 11 
a % difference between intensity values for each spot on duplicate gels 
b parentheses indicate which spot number of the identified protein when more than one has been 
identified 
c Proteins marked with this designation were identified on the gel images with the approximate 
intensity values determined by comparison of that same protein at a different timepoint, but the 
actual value is unknown: Hspl8 spot 118 is approximately twice 467; Ppi is approximately as 
intense as 235; RpoA is approximately as intense as 194 or 205; SpoOA is barely detectable at the 
first and third timepoint (maybe a value of 15) and twice as intense at the second timepoint 
(maybe a value of 30), and not detectable at all in the fourth time point; Bed is approximately half 
as intense as 93 at the second timepoint and approximately as intense as 206 at the fourth 
timepoint 
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d -, intensity value below the threshold value of approximately 15 (based on values from various 
gels); protein spots with this designation were categorized by inspection of the two-dimensional 
gel images 
2-fold (Table 3.2). This drastic induction of GroES as compared to GroEL has been 
previously shown in the Gram-positive bacterium Lactococcus lactis subsp. lactis 
(Hartke et al. 1997), in which groES and groEL are also co-transcribed. In that study 
(Hartke et al. 1997), the authors suggest that gene expression of the groESL operon is 
regulated at the translational level, as each gene is preceded by a unique putative 
ribosome binding sequence. That may be the case also for the groESL operon in C. 
acetobutylicum, as each gene is each preceded by unique putative ribosome binding sites. 
Hspl8 is induced by heat shock and solventogenesis. Because Hspl8 is induced 
by multiple environmental conditions, it has been suggested that Hspl8 is a general stress 
inducible protein (Sauer and Durre 1993). Hspl8 was also identified in two locations on 
the two-dimensional gel, yet one copy of hspl8 is present in the genome. One Hspl8 
variant, spot 213, was not detectable until late solvent phase, at which time it was highly 
abundant while the other Hspl8 variant, spot 118, increased gradually. Two protein 
variants of Hspl8 were identified previously with accumulation patterns the same as 
those seen in this study, i.e., one Hsp variant increased modestly while the other one 
increased dramatically from acidogenic to solventogenic phase (Schaffer et al. 2002). 
PspA is upregulated. In E. coli, PspA is synthesized in response to several 
stresses (heat, ethanol, and osmotic shock) (Brissette et al. 1990). PspA is involved in 
maintaining the proton motive force and membrane integrity under stress conditions 
(Hankamer etal. 2004; Kleerebezem et al. 1996). 
62 
Adc, encoded by the acetoacetate decarboxylase gene, is essential for solvent production 
because it catalyzes the decarboxylation of acetoacetate to acetone (Petersen and Bennett 
1990). Adc was identified in one location, was noticeably induced at solventogenesis 
(Figure 3.3). This result is expected because adc is known to be induced at 
solventogenesis (Andersch 1983; Gerischer and Durre 1992). Contrary to the results of 
this study, two protein spots were previously identified (Schaffer et al. 2002). The 
protein spot corresponding to the other location may not have been analyzed in this study. 
Also among the other upregulated proteins are the glycogen-binding regulatory 
subunit of serine/threonine phosphatase I (Ppi), and two proteins containing repeats of a 
novel protein domain, Clostridial hydrophobic with a conserved tryptophan (ChW), 
ChW14 and ChW16/17. The function of Ppi is unknown, but it may have a function 
similar to phosphatase-I of eukaryotes and this may connect with the observation that a 
gene encoding a cAMP-dependent protein kinase is present in the C. acetobutylicum 
genome. The action of phosphatase-I in skeletal muscle, where the enzyme is localized 
to glycogen granules, is to dephosphorylate glycogen synthase and phosphorylase kinase, 
thus reversing the effects of cAMP-dependent protein kinase A (Faux and Scott 1996). 
Protein kinase A is activated by gradients of cAMP, created by the opposing actions of 
adenylate cyclase and phosphodiesterases (Faux and Scott 1996). Because C. 
acetobutylicum accumulates intracellular granules of a reserve polyglucan material 
(granulose) before sporulation, and because granulose serves as a carbon and energy 
source by being degraded during endospore formation, I consider it a possibility that Ppi 
may have a role in granulose metabolism based on the timing and biological process of 
storage polymer utilization in these organisms. ChW14 and ChW16/17 are suggested to 
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Figure 3.3: Profile of several proteins requiring SpoOA for maximal accumulation. Corresponding sections 
of Coomassie stained two-dimensional gels are shown. The six proteins from early stationary phase in C. 
acetobutylicum (pIMPl) and SKOl strains are illustrated. 
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be novel extracellular or cell surface system proteins related to those used in cell 
adhesion (Nolling et al. 2001). ChW14 is upregulated until late solventogenesis, when it 
is no longer detected (Table 3.2). ChW16/17 was identified in two locations, spots 16 
and 17, both of which are detected at all growth phases in wild type (Table 3.2). 
3.3.7 Identified proteins that were downregulated during fermentation 
The identified proteins that appear downregulated are the glucose metabolism 
isomerases, glucose 6 phosphate isomerase (Pgi) and triosephosphate isomerase (Tpi), 
energy metabolism ATP synthase subunit 8 (AtpD), the core solventogenic butyryl-CoA 
dehydrogenase (Bed), the transcription regulating RNA polymerase subunit a (RpoA), 
and the translation regulating ribosomal protein L7/L12 (RplL) (Table 3.2). Pgi 
catalyzes the interconversion of glucose 6-phosphate and fructose 6-phosphate in the 
glycolytic pathway (Davies and Muirhead 2003). Decreasing levels of Pgi may be a 
result of glycolysis being most active in the exponential growth phase. 
Tpi is a glucose metabolism enzyme that catalyzes the conversion between 
dihydroxyacetone phosphate and D-glyceraldehyde 3-phosphate. One gene for Tpi is 
present in the C. acetobutylicum genome; however, Tpi was identified in two distal 
locations on the two-dimensional gel with largely differing MWs and pis (spots 42 and 
65 in Figure 3.1). Only one of the Tpi variants, spot 65, is downregulated. Tpi proteins 
exist naturally as dimers and those from 3 different Clostridia species have the same MW 
of 53 kDa, but different pis: 5.6, 6.2, and 6.4 (Shing et al. 1975). 
ATP synthase catalyzes the formation of ATP from ADP and inorganic phosphate 
using a proton or sodium ion gradient (Externbrink et al. 2000). AtpD levels decrease 
during exponential phase and are undetectable by late solventogenesis. This corresponds 
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well with a previous study indicating that intracellular ATP levels decrease to a minimum 
at the shift from acidogenesis to solventogenesis (Grupe and Gottschalk 1992). 
Bed catalyzes the conversion of crotonyl-CoA to butyryl-CoA at which point the 
pathway diverges to the production of butyrate or butanol. Its single encoded gene is 
clustered in an operon with genes encoding P-hydroxybutyryl-CoA, crotonase, and 
electron transfer flavoprotein a and P subunits (Boynton et al. 1996b). Bed was 
identified in two distal locations (spots 33 and 113 in Figure 3.1), only one of which, spot 
33, is downregulated. 
RpoA is part of the core RNA polymerase for gene transcription (Pich and Bahl 
1991). RpoA is a moderately abundant protein. The MW of RpoA (Table 3.1) 
corresponds to that previously reported (Pich and Bahl 1991). 
The E. coli homolog of RplL is a ribosomal protein central to the translocation 
step of translation (Montesano-Roditis et al. 2001). RplL is the heterodimer formed from 
two proteins, L7 and LI2, and is anchored to the large ribosomal subunit L10 (Griaznova 
and Traut 2000). Unlike the usual situation where subunits for a protein complex are 
encoded by different transcriptional units, the subunits L7 and L12 are encoded by the 
same gene, and L12 is converted to L7 by a post-translational acetylation at its N-
terminus (Kitaura et al. 1999). In this study, I identified only one RplL but cannot 
determine which subunit form was detected. Ribosomal protein L7/L12 is highly 
abundant in mid- and late-exponential phase and decreases by late solvent phase (Table 
3.2). 
3.3.8 Identified proteins that appeared relatively constant during fermentation 
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The identified proteins with relatively constant levels are the solvent-controlling 
SpoOA; the metabolic enzymes glyceraldehyde-3-phosphate dehydrogenase (GapC), one 
variant of Bed, one variant of Tpi, and fructose bisphosphate aldolase (Fba); and the 
translation elongation factor P (Efp). SpoOA is a transcriptional regulator that positively 
controls sporulation and solvent production (Harris et al. 2000). The relatively constant 
level of SpoOA protein, that is, until late stationary phase, may initially seem to contradict 
previous transcript data (Harris et al. 2000) where SpoOA RNA was most highly 
abundant during mid and late exponential phase, but upon closer inspection, the RNA and 
protein data correlate. SpoOA protein is present in at low level during early exponential 
phase and the level only increases slightly by mid and late exponential phase in the 
control strain (as seen by inspection of gel images in Figure 3.4 rather than intensity 
values that are below the threshold limit in Table 3.2). These changes in protein 
accumulation are minimal, thus the categorization of SpoOA into the relatively constant 
protein level classification. By late stationary phase the protein is no longer detectable 
(Figure 3.4). 
GapC catalyzes the reversible phosphorylation of glyceraldehyde 3-phosphate to 
1,3-bisphosphoglycerate (Schreiber and Durre 1999). GapC was identified in one 
location. The previously identified GapC (Schaffer et al. 2002) agrees in both the MW 
and pi with the one identified in this study, but the abundances of the protein in the two 
studies are disparate. This study indicates that GapC is present in constant levels, while 
the previous study (Schaffer et al. 2002) observed an upregulation in solventogenesis. 
The second variant of Bed, spot 113, is present in a constant low level (Table 3.2). 
The second variant of Tpi, spot 42, is approximately two-three fold more abundant than 
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Figure 3.4: Comparison of growth phase-dependent protein levels in the spoOA over-expression strain and 
wild type control of SpoOA protein. The protein accumulation profiles in (A) 824(pIMPl) and (B) 
824(pMSPOA) are shown on corresponding sections of Coomassie-stained two-dimensional gels. 
the spot 65 variant (Table 3.2). Fba is responsible for the interconversion of fructose 1,6-
bisphosphate with the 3-carbon compounds, glyceraldehyde 3-phosphate and 
dihydroxyacetone phosphatate during glycolysis and gluconeogenesis. Fba has one gene 
in the genome that could encode this protein, and one protein spot was identified, spot 58 
(Figure 3.1). The E. coli and B. subtilis Fba homologs are post-translationally modified 
(Mitchell et al. 1992; Packman and Berry 1995) suggesting that C. acetobutylicum may 
have another Fba protein variant, as yet unidentified. 
In E. coli, Efp stimulates efficient translation and peptide-bond synthesis (Aoki et 
al. 1991). In B. subtilis, Efp is maintained at a high level during sporulation and is 
required for the sporulation developmental program (Ohashi et al. 2003). Efp is a protein 
present in moderately low levels in all growth phases in C. acetobutylicum (Table 3.2). 
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3.3.9 Examination of SpoOA binding sites near the promoters of genes encoding 
identified proteins 
The genes encoding the 13 unique proteins were categorized according to operon 
arrangements (Table 3.3). The intergenic regions upstream of the genes encoding the 
proteins or upstream of the first gene in an operon encoding the proteins identified in this 
study were examined for possible SpoOA binding sites. The genes with putative OA 
boxes are listed in Table 3.3. All identified OA boxes have one mismatch, with the 
exception of the binding site upstream of the spoOA gene itself, which matches exactly. 
Previously identified OA boxes were for spoOA and adc (Ravagnani et al. 2000) otherwise 
all identifications of putative OA boxes are new data. 
Influence on the groESL operon by SpoOA has been described based on 
expression data from spoOA null and over-expression strains (Tomas et al. 2003a; Alsaker 
et al. 2004), but no 0A box has been experimentally determined. 
Several genes have predicted 0A boxes, but are not shown to be SpoOA-
dependent for protein accumulation, i.e, the proteins are present in SKOl (Table 3.3). 
These genes are the aforementioned groESL operon, atpD, bed, rpoA, rplL, fba, pspA, 
and pgi. There a few possible explanations. Firstly, while prediction accuracy is not 
100%, there is a correlation between SpoOA activity and 0A boxes. For a future 
improved predictive coefficient, the 0A box sequence may need to be modified or 
extended. However, at the present, the canonical sequence from B. subtilis is used in the 
genomic search for chromosomal comparisons and each has to be tested individually. 
Secondly, as was shown With ptb and adc genes, harboring two and three 0A boxes, 
respectively, in Clostridium beijerinckii, complete ablation of all 0A boxes does not 
completely eliminate gene expression from either gene (Ravagnani et al. 2000). This 
may allow some protein to accumulation in SKOl of the genes under consideration in 
this study. Lastly, it is possible that the predicted 0A boxes are not true SpoOA binding 
sites, as they have not been experimentally verified. These predicted sites could be false 
positive 0A boxes. The requirements for SpoOA binding in Clostridium are much more 
flexible than for B. subtilis (Ravagnani et al. 2000). The canonical sequence determined 
from B. subtilis is 7 bases in length with one position than can be any base: TGNCGAA. 
In Clostridium, the second and fourth positions usually vary from G and C, respectively 
(Ravagnani et al. 2000). Thus, a genome wide search for 4 specific bases in a 7 base 
grouping may yield some false positive results. 
The data from this study correlate with published RNA transcript profiles. The 
protein abundance column in Table 3.3 illustrates the trends of protein accumulation in 
the control strain as described in detail in sections 3.3.6 - 3.3.8 in this study. 
3.3.10 Examination of situation when spoOA is deficient 
SpoOA influences accumulation of many identified proteins. The genes, whose 
encoded proteins were absent in SKOl, are marked with a negative sign in the indicated 
column in Table 3.3. When SpoOA is absent, 5 identified proteins fail to accumulate at 
their normal levels (Figure 3,3). Of those 5 proteins, one was present in two locations, 
ChW16/17, in the control strain while both protein spots, spot 16 and spot 17, are absent 
in SKOl (Figure 3.3). ChW14 is also mostly absent in SKOl (Figure 3.3). These data 
suggest that ChW14 and ChW16/17 are regulated by SpoOA (Figure 3.3). 
Since these corresponding sections of the two-dimensional gel are from early 
stationary phase, the SpoOA protein is present at a low level in the control strain 
TABLE 3.3. Potential role for SpoOA 
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Gene, operon( 1st gene of cluster) 0A/R0Aa Protein present Gene included Protein 
in SKOlb0 on microarray46 Abund8 
_ _ Expf Tranf Statf 
Upstream of gene located in a known multi-cistronic operon 
atpD, ATP synthase operon 3 0A, 1 ROA1 + 
bed, BCS operon 0A + + - - e -/nc1 
- ++ ~ d 
groES, GroE operon ROA + ++ - + e + 
+ - ++ - d 
groEL, GroE operon ROA + ++ -- +" + 
Upstream of gene located in a putative multi-cistronic operonk 
rpo^(CAC3107) 0A + ++ + nc 
rp/I(CAC3151) ROA + 
chwl4 (CAC1532) 0A - + 
e#>(CAC2095) no + nc 
Upstream of gene located in a monocistronic-operon1 
fba 0A + ++ + - e nc 
.+ . . . d 
spoOA 0A - ++ ++ ++ e nc 
hspl8 2 0A - 1 variant - ++ e + 
+ • d 
-+ 
— 
++ 
-+ 
-
-
+ 
_ 
d 
++ e 
e 
d 
+ 
nc 
+ 
-/nc 
pspA 2 0A + + 
pgi 2 0A, 1R0A + -+ - - d 
adc 2 0A, 1 ROA - + + + + + + e + 
- ++ - d 
dm 16/17 OA 
gapC no + 
ppi ROA 
tpi no + 
a
 OA, OA box; ROA, reverse OA box; determined by consensus search of intergenic regions (Tomas et al. 
2003); adc OA boxes have been experimentally demonstrated (Ravagnani et al. 2000) 
b
 +/- in "Protein present in SKOl" columns represent yes/ no, respectively 
c
 when protein is not present in strain SKOl this indicates that the gene requires SpoOA for expression 
dgene is included on microarray and transcript expression profile examined in 824 (pMSPOA) strain 
compared to 824(pIMPl) (Alsaker et al. 2004). + and - in "Gene included in microarray" indicate 
relative transcript levels detected in microarray experiments: ++, very high expression; +, moderately high 
expression; - moderately low expression; --, very low expression. When the transcript levels of a gene 
were examined in both microarray experiments, the relative expression levels for both are indicated, 
e
 gene is included on microarray and transcript expression profile examined in wildtype 824 strain 
compared to SKOl strain (Tomas et al. 2003) 
f
 Exp, exponential phase, Tran, Transition, Stat, stationary phase 
8
 +/- is up-/down-regulated, respectively; nc is no change, thus approximately constant levels of the overall 
protein accumulation trend in C. acetobutylicum 824 (pIMPl) 
references for known operons: (Boynton et al. 1996; Externbrink et al. 2000; Narberhaus and Bahl 1992) 
' number in front of 0 A or ROA indicates the number of non-overlapping boxes present, if no number is 
indicated, a single box is present 
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' each abundance refers to one variant of the protein identified 
k
 based on gene clustering with other genes of similar function in the same orientation 
1
 may be demonstrated or putative operon structure 
(Figure 3.3). As expected, SpoOA protein is not detected in SKOl (Figure 3.3) because 
spoOA is disrupted in this strain (Harris et al. 2002). 
Adc shows a very low basal level of protein in strain SKOl (Figure 3.3); 
however, the high levels of Adc protein present in the control strain clearly show that 
SpoOA is responsible for the induction of adc. This result is expected because adc is 
known to require SpoOA for expression (Ravagnani et al. 2000). 
Ppi is not detectable until solventogenesis, in the wild type strain, and is absent in 
strain SKOl (Figure 3.3). 
3.3.11 Examination of situation when spoOA is over-expressed 
In order to examine what processes SpoOA influences, the proteome of C. 
acetobutylicum 824 (pMSPOA), which over-expresses spoOA, was compared to that of 
824 (pIMPl), the plasmid control strain. Table 3.4 lists the average intensity values for 
all identified proteins in 824 (pMSPOA) during the fermentation. As compared to the 
control strain, the levels of proteins of various functions in C. acetobutylicum 824 
(pMSPOA) were perturbed. The proteins with altered levels were heat shock response 
proteins, solvent formation proteins, and proteins involved in glycolytic and primary 
metabolism. 
Two heat shock response proteins had higher earlier protein accumulation 
patterns. Hspl8 spot 213 and PspA. The observation of Hspl8 accumulating to a higher 
level earlier than the control strain is consistent with microarray expression data on its 
encoded gene (Alsaker et al. 2004). The other Hspl8 of this study, variant 118, does not 
show the same pattern. Its accumulation pattern is similar to the control strain. The heat 
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shock response gene groES also demonstrated the higher earlier expression pattern in the 
microarray analysis (Alsaker et al. 2004). However, in this study, its protein levels do 
not follow that pattern, they are similar between 824(pMSPOA) and 824(pIMPl). 
Two solvent formation proteins showed higher levels in 824(pMSPOA) than the 
control. SpoOA was expected, as its encoded gene was over-expressed in this strain. Its 
protein accumulated to much greater levels in all time points. The solvent formation 
protein, Adc, increased to higher levels at the transition to stationary phase. This result 
was also expected, as adc is positively regulated by SpoOA. The transcript profiles for 
spoOA and adc (Alsaker et al. 2004) are the same as the protein accumulation pattern 
observed in this study. Other solvent formation genes (aad-ctfAB), whose proteins were 
not identified in this study, are expressed earlier in 824(pMSPOA) (Alsaker et al. 2004). 
Many glycolytic proteins showed strong downregulation in stationary phase in 
824(pMSPOA). These proteins were Fba, both variants of Tpi, GapC, and Pgi. The 
primary metabolism protein Bed variant 33 also showed this pattern. These data are 
consistent with the microarray expression analysis of their genes (Alsaker et al. 2004). 
In the study by Alsaker et. al (2004) microarray analysis on 824(pMSPOA) also 
demonstrated that when spoOA is over-expressed genes involved in other stationary-phase 
events are effected, in addition to those aforementioned. Motility and chemotaxis genes 
are downregulated. Sporulation gene transcripts are detected earlier. Fatty acid genes are 
differentially expressed as sporulation requires de novo fatty acid synthesis. 
3.4 Discussion 
3.4.1 Possible post-translational modification 
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TABLE 3.4. Average intensity values for identified protein spots in 824(pMSPOA) 
Proteins 
Stress proteins 
GroEL (80)b 
GroEL (85) 
GroES 
Hspl8(213) 
Hspl8(118) 
PspA 
mid-late 
exponential 
+ % difference" 
227+19 
1096 + 9 
298 ±8 
-
58 + 13 
c 
Acid and solvent formation proteins 
Adc 
Fba 
Pgi 
GapC 
Tpi(42) 
Tpi (65) 
Bed (33) 
Bed (113) 
c 
481+7 
353 + 4 
1382 + 3 
600 + 4 
419±7 
1113 + 2 
231+7 
Transcription and translation proteins 
RpoA 
SpoOA 
RplL 
Efp 
Other proteins 
Ppi 
AtpD 
ChW14 
ChW16/17(16) 
ChW16/17(17) 
415 + 1 
684 ±20 
c 
226 + 6 
-
489 + 0 
83+4 
276+1 
81 + 1 
early 
stationary 
+ % difference3 
737± 21 
1656 ±14 
620 ±2 
c 
538 ±11 
207 ± 9 
360+ 4 
266 ±3 
53 ±27 
677 + 2 
248 + 5 
92 ±19 
322 ± 7 
325 ± 14 
128 ±12 
327 ±7 
475 + 16 
156 ±23 
66 + 54 
536+ 6 
188 + 2 
332+ 17 
105+ 29 
late 
stationary 
+ % difference3 
749 ± 37 
1556 ±17 
436 + 9 
435 + 1 
611 ±3 
209 ±5 
107 ±7 
267 ±5 
19± 12 
406 ±15 
164 ±3 
-
236 ±8 
c 
125 ±2 
211 ± 13 
262 + 23 
153 ±3 
233 ±6 
597 ±10 
105 ±7 
410 ± 5 
155+4 
a % difference between intensity values for each spot on the duplicate normalized gels 
b parentheses indicate which spot number of the identified protein when more than one has been 
identified 
c Proteins marked with this designation were identified on the gel images with the approximate 
intensity values determined by comparison of that same protein at a different timepoint, but the 
actual value is unknown: Hspl8 spot 213 is approximately half as intense as 435; RplL is 
approximately 2-3 fold more intense than 475; Adc is approximately as intense as 107; PspA is 
approximately as intense as 207 or 209; Bed spot 113 is approximately as intense as 231 or 325 
d -, intensity value below the threshold value of approximately 15 (based on values from various 
gels); protein spots with this designation were categorized by inspection of the two-dimensional 
gel images 
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Of the 23 proteins identified, 5 pairs localized to two positions. They are GroEL, 
Hspl8, Tpi, Bed, and ChW16/17. Like all the proteins identified in this study, both 
variants of each of these proteins were identified with at least 9 peptide masses, each with 
unique peptide sequences of variable length. The confidence that both variants of each of 
these proteins is identified correctly is 67% and 83% for GroEL, 50% and 66% for 
Hspl8, 42% and 42% for Tpi, 36% and 56% for Bed, and 48% and 44% for ChW16/17 
(as shown in Table 3.1). The percentage indicates the total of all 9-30 peptide masses as 
a fraction of total mass of the indicated protein. 
The appearance of proteins at more than one location on the two-dimensional gel 
may be because of multiple translational start sites, partial suppression of a termination 
codon, a programmed frame shift, or a post-translational modification. Multiple protein 
spots on two-dimensional gels were the result of post-translational modification events in 
the heat shock proteins of E. coli and B. subtilis (Rosen and Ron 2002). In this study, 
when more than one protein spot is determined, it is possible that one variant is an 
unmodified form and one is modified; however, further mass spectroscopy experiments 
have failed to identify what the modifications were. 
Post-translational phosphorylation and glycosylation events in C. acetobutylicum 
have been previously reported (Balodimos et al. 1990; Lyristis 2000). More than one 
location for GroEL was expected because GroEL of E. coli is phosphorylated as a result 
of the heat shock stress response (Sherman and Goldberg 1992). GroEL was previously 
identified in a proteome study albeit in a single location (Schaffer et al. 2002). It is 
possible that GroEL may have been present in more than one location in the previous 
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study and may be identified upon further protein spot identification. The MWs and pis of 
GroEL agree in both studies. In both the previous study (Schaffer et al. 2002) and this 
study, two Hspl8 variants were detected. The pattern of both Hspl8 variants is the same 
in both studies. One variant was highly induced in the solventogenic phase while the 
other spot increased only modestly. 
While post-translational modifications may be intended by the organism to confer 
altered protein activities, such as phosphorylation and glycosylation, unintended 
modifications may also occur. Longer growth conditions that result in stasis and a 
stressed environment induce oxidative modifications to E. coli proteins (Nystrom 2004). 
The selective pressure of certain antibiotics can also increase the level of carbonylation, 
an oxidative protein modification (Nystrom 2004). Additionally, erroneous incorporation 
of amino acids into a protein under such conditions may result in a protein migrating to a 
spot on a two-dimensional gel with a similar molecular weight to the authentic protein 
but with subtle differences in isoelectric points (Nystrom 2004). If unintended oxidative 
changes are incorporated into the proteins by stress conditions then these modifications 
could account for the two isoforms of GroEL and ChW16/17. These two proteins have 
both isoforms migrating to the same molecular weights with slightly differing isoelectric 
points. Protein oxidation could not account for the protein isoforms that migrate to spots 
distal from each other, such as Hspl8, Tpi, and Bed. 
Perhaps different culture conditions may induce a more stressful environment for 
the cells and thus oxidize its proteins. The culture conditions between the previous study 
(Schaffer et al. 2002) and this study were different. This study used the standard 
Clostridia growth media which has been routinely used for solvent production in our 
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previous work, rather than phosphate-limited mineral media (Schaffer et al. 2002) 
utilized in the previous study. Moreover, it is likely that sample handling may have also 
differed between the two studies. Increased time lapse or storage conditions between the 
sample being taken and its electrophoresis may inadvertently increase the risk of 
oxidative protein changes. 
3.4.2 Comparison between transcriptome and proteome expression 
The expression level of many genes has been reported (Tomas et al. 2003b; 
Tomas et al. 2004; Alsaker et al. 2004; Alsaker and Papoutsakis 2005a) and where 
possible I have examined the correlation between protein level and gene expression 
qualitatively. These levels were compared to determine the trend in gene expression. 
Many protein levels correlate well with their mRNA profiles in the wild type and control 
strains. The protein and mRNA levels examined were the gene expression protein 
(RpoA), Ppi, the SpoOA-controlled proteins (SpoOA and Adc), the heat shock stress 
response proteins (GroEL, GroES, and Hspl8), and the acid and solvent formation 
proteins (Fba, GapC, Tpi, Pgi, and Bed). RpoA and Ppi both correlate well with their 
respective mRNA profiles (Tomas et al. 2003). 
The levels of SpoOA-controlled proteins SpoOA and Adc were compared with 
their mRNA levels. A lower level of SpoOA mRNA is present in C. acetobutylicum 
SKOl than in the parent strain C. acetobutylicum 824 at all time points (Tomas et al. 
2003). This result is expected since the spoOA gene is disrupted in strain SKOl. The 
SpoOA mRNA levels (Harris et al. 2002) and protein levels correlate well in C. 
acetobutylicum 824 and C. acetobutylicum 824 (pIMPl), respectively. A lower level of 
Adc mRNA is present in strain SKOl than in C. acetobutylicum 824 at all time points. 
This finding is consistent with previous studies that show SpoOA controls the expression 
of adc (Ravagnani et al. 2000; Tomas et al. 2003). The Adc mRNA levels (Harris et al. 
2002) and protein levels correlate well in C. acetobutylicum 824 and C. acetobutylicum 
824 (pIMPl), respectively. The mRNA profile for Adc does not change when spoOA is 
over-expressed as compared to C. acetobutylicum 824; both peak at the transition 
(Alsaker et al. 2004; Harris et al. 2002). 
As expected the mRNA profiles for the heat shock stress response proteins GroEL 
and GroES are identical (Tomas et al. 2003) as expected because groEL and groES are 
part of a two-gene operon and thus co-transcribed (Narberhaus and Bahl 1992). GroEL 
and GroES mRNA are present in higher levels in C. acetobutylicum 824 than in strain 
SKOl during exponential phase, decrease at the transition, and increase again during 
stationary phase. During the stationary phase, the mRNA levels again increase. The 
over-expression of the groEL and groES genes increase solvent production (Tomas et al. 
2003) and tolerance (Tomas et al. 2004). In C. acetobutylicum 824 (pMSPOA), GroES 
mRNA levels peak at higher levels and at an earlier time in exponential phase compared 
to the profile observed in C. acetobutylicum 824 (Alsaker et al. 2004). The levels then 
decrease during stationary phase as compared to the control strain (Alsaker et al. 2004). 
Taken together, these data suggest that SpoOA positively regulates groEL and groES to 
attain maximal expression at the transition. The effect of SpoOA may be indirect since 
the spoOA over-expression strain likely makes different metabolites and is stressed as 
compared to the control strain. Both variants of the GroEL protein and the GroES protein 
have the same protein profile, characterized by an induction at the transition and 
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subsequently remaining highly abundant during the stationary phase. Additionally, in the 
promoter region of the GroE operon is an OA box in the reverse orientation (Table 3.3). 
Hspl8 mRNA was present in lower levels in C. acetobutylicum 824 than in strain 
SKOl until the late exponential phase when Hspl8 mRNA levels then increased (Tomas 
et al. 2003). In C. acetobutylicum 824 (pMSPOA), Hspl8 mRNA peaked at higher levels 
and at an earlier time, then decrease during stationary phase as compared to the control 
strain (Alsaker et al. 2004). The Hspl8 mRNA and protein levels of variant 213 correlate 
well. The pattern of Hspl8 protein is different from those of GroEL and GroES in the 
absence of SpoOA, perhaps representing a different stress alleviation or different 
regulatory controls for the genes encoding Hspl8 than for those encoding GroEL and 
GroES. 
The levels of mRNA transcribed from many glycolytic genes (fba, gapC, tpi, pgi) 
and the primary metabolism gene (bed) are lower at the transition and during stationary 
phase than during exponential phase. Thus, glycolysis is strongly downregulated in 
stationary phase (Alsaker et al. 2004). The mRNA and protein levels of Fba and Tpi 
variant 65 correlate well (Tomas et al. 2003). 
Discrepancies between transcript and protein correlation may indicate more 
complex controls exist that have yet to be elucidated. For genes where a slight disparity 
exists between the transcript and protein level, the difference may be caused by 
experimental variation or measurement errors. Disagreement in correlation between 
mRNA and protein levels may result from either the instability of the mRNA or protein, 
as this study did not examine their respective stabilities, or a point of protein functional 
regulation. Such effects of a regulatory factor are evident at a post-transcriptional stage. 
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In conclusion, this study provided evidence of how the proteomic profile changes 
at the transition to solventogenesis. The heat shock stress proteins, proteins with ChW-
repeats, Adc, and Ppi increased in protein abundance during growth as the solvent phase 
was entered. Some acid and solvent formation proteins (one variant of Bed, Pgi, and one 
variant of Tpi), AtpD, and RplL had decreasing protein levels while other acid and 
solvent formation proteins (one variant of Bed, Fba, GapC, and one variant of Tpi) and 
the transcription and translation proteins (RpoA, Efp, and SpoOA) demonstrated no 
significant change in protein levels at the transition. 
Moreover, the spoOA disrupted and over-expression strains were characterized. 
Six protein spots were present in wild type C. acetobutylicum but were absent in the 
SKOl strain: Ppi, ChW14, Adc, SpoOA, ChW16, and ChW17. Thus, these proteins 
require SpoOA for maximal accumulation. The finding that the expression of Adc 
requires SpoOA confirms a previous study (Pich and Bahl 1991). SpoOA over-expression 
affected the abundance of proteins involved in glycolysis, translation, heat shock stress 
response, and energy production. Of the 23 proteins identified, 5 were located in more 
than one position on the two dimensional gel indicating a post-translational modification. 
Some protein isoforms of the same protein, such as GroEL, clustered into gel spot 
arrangements resembling fingers of a straightened hand. Finally, this study serves as a 
basis for further explorations in comparing the proteome pattern with the results 
obtainable from microarrays in C. acetobutylicum. 
A comparison of the changes in protein level with those of the mRNA of the 
corresponding gene generated from microarray experiments shows a more complex 
relationship in some cases where the transcriptome data does not correlate fully with the 
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protein level of the associated gene product. This observation further indicates the 
importance of post-transcriptional factors affecting protein levels as well as post-
translational modifications or stability factors that can determine the functional level of a 
particular gene product. The interpretation and correlation of mRNA and protein patterns 
on a global scale is still in an early stage for many organisms and will require extensive 
future investigation. 
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Chapter 4 - Analysis of the clostridial hydrophobic with a conserved tryptophan 
(ChW) family of proteins in C. acetobutylicum with emphasis on ChW14 and 
ChW16/17 
A portion of the material presented in this chapter has been published (Sullivan et 
al. 2007a). 
4.1 Introduction 
The original observation of the novel protein family, clostridial hydrophobic with 
a conserved tryptophan (ChW) was noted by Nolling et al. (2001) in an article describing 
features found in the genome of C. acetobutylicum ATCC 824 from various 
bioinformatics studies. The proteomics study presented in Chapter 3 noted some 
interesting points about two chw genes and their gene products. In this chapter, I 
investigate this family using further bioinformatics methods, study the gene function 
using genetic approaches, and apply protein biochemical strategies to elucidate the 
functional roles of ChW proteins, specifically ChW14 and ChW16/17. 
ChW proteins are characterized by the presence of at least one ChW domain, but 
as this study will show, the ChW domains usually occur in multiples of three. The ChW 
domain is an average of 47 amino acids long (Figure 4.1). Figure 4.1 shows an alignment 
of the first ChW domain in all 20 C. acetobutylicum ChW proteins. Conserved features 
of the domain are a conserved tryptophan and a high percentage of hydrophobic and 
small residues. ChW proteins may additionally contain an N-terminal signal sequence, 
domains for polysaccharide and protein degradation, or domains involved in cell 
adhesion (Nolling et al. 2001). ChW proteins that contain an N-terminal signal sequence 
are thought to be surface proteins or secreted from the cell. Speculation regarding 
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Figure 4.1: ChW domain alignment. The first ChW domain (ChWl), of each of the 20 ChW proteins from 
C. acetobutylicum was aligned using CLUSTALW. The Cac and Cap numbers refer to the gene number of 
the chromosome and megaplasmid in the sequenced genome of C. acetobutylicum, respectively. The 
conserved tryptophan is boxed in red. 
extracellular processes in which ChW proteins may be involved will be addressed later in 
section 4.4.2. Some ChW proteins do not contain any other known domain. 
The ChW protein family is primarily limited to C. acetobutylicum. After the 
prominence of the ChW family was noted in the first Clostridium to be sequenced, 
additional members were not readily found in other Clostridia as more genomes were 
sequenced. This finding was surprising considering the number of ChW domains found 
in C. acetobutylicum. The restricted presence of the genes among anaerobic bacteria may 
suggest a role for ChW proteins that is unique to the physiology of C. acetobutylicum. In 
the few non-C acetobutylicum species that contain a ChW protein only one protein was 
identified, suggesting that ChW proteins originated evolutionarily with the C. 
acetobutylicum species. 
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4.2 Rationale of methods 
Two ChW proteins, identified here as ChW14 and CHW16/17, were chosen for in-
depth analysis as representative examples of the ChW family based on the findings of 
Chapter 3. This study was performed to provide a foundation of basic information for 
this uncharacterized protein family. Functions for members of this protein family have 
not been determined, but strategies towards determining the role of these two specific 
members have been explored. The characterization of the ChW family, with emphasis on 
ChW14 and ChW16/17, used a reporter system, primer extension, phylogenetics, and 
structure predictions as methodologies of investigation. I performed two types of 
analyses, at the gene level and protein level. 
At the gene level, I determined the expression patterns and promoter architectures 
for chwl4 and chwl6/l 7 using reporter and primer extension analyses. The temporal 
expression pattern delineates the processes in which the encoded proteins may participate 
whereas promoter strength is an indication of the level of expressed product that may be 
available for those processes. Determination of the exact start site of transcription allows 
the interpretation of binding sites of possible a and transcription factors which may 
modulate the expression of chwl4 and chwl6/l7. The role of SpoOA in gene expression 
was further investigated since proteomic analysis (Sullivan and Bennett 2006) revealed 
that ChW14 and ChW16/17 required SpoOA for accumulation to their maximal levels 
(Chapter 3). To further analyze the regulation of expression by SpoOA, reporter analysis 
for the promoters of chwl4 and chwl6/l7 was performed in a spoOA null strain in 
addition to the wild type parental strain. 
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Another genetic-based investigation sought a phenotype associated with the 
chwl4 or chw 16/17 genes. Identification of a phenotype in a genetic null strain is the 
benchmark for determining protein function; however, the current genetic tools for C. 
acetobutylicum are limited such that null strains are difficult to generate. An 
investigation using anti-sense technology to knock down the expression was tested as an 
alternative strategy as this technique has been successfully utilized previously (Scotcher 
and Bennett 2005). I employed such an alternative genetic-based approach to 
downregulate expression of chw 14 and chw 16/17 by antisense RNA. The anti-sense 
plasmid bearing strains constructed for these studies were subsequently screened for 
developmental processes in which these proteins may be involved, specifically gross 
cellular morphology and solvent production. 
At the protein level, I determined the relationship between individual ChW 
domains using phylogenetics and predicted secondary structures. Phylogenetic analysis 
gives an indication of how closely related members of a protein family are to each other. 
When this method was applied to the ChW domains themselves, rather than the amino 
acid sequence for the entire protein, an intriguing relationship among the domains 
emerged. Secondary structure predictions of each ChW domain reveal a common pattern 
that might also help in suggesting a possible structural motif or relation to the mode of 
action of these domains. 
Experimental strategies to determine the functions of ChW 14 and ChW 16/17 
were explored; however, these approaches did not yield fruitful results. Several 
approaches were investigated and the ideas and plans for these approaches will be 
described. 
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Protein based strategies were undertaken to investigate the role of ChW proteins. 
The genes chwl4 and chw 16/17 were to be expressed so that their encoded proteins could 
be purified, and subsequently antibodies could be generated against these proteins. These 
purified proteins and specific antibodies would then be used to determine their protein 
interacting partners and subcellular localization of ChW14 and ChW16/17. Protein 
interacting partners would be determined by protein affinity chromatography while 
subcellular localization was going to be determined by cell fractionation, antibody 
experiments, and subsequent fluorescence microscopy. The approaches, technical 
details, and difficulties are described below. 
4.3 Results 
4.3.1 Identification of the family of ChW proteins 
To identify all known ChW protein members database searches were employed. 
I identified ChW proteins by protein architecture analysis using the SMART (Letunic et 
al. 2006; Schultz et al. 1998) and Pfam (Finn et al. 2006) databases. I discovered 29 
ChW proteins with 20 of them from C. acetobutylicum (Figure 4.2). The other organisms 
that contain a single ChW protein are: two strains of Listeria monocytogenes, 
Arthrobacter sp. FB24, Enterococcus faecalis, Streptococcus agalactiae, Streptomyces 
coelicolor, Shewanella denitrificans, and Trichodesmium erythraeum (Figure 4.2). Thus, 
ChW proteins reside almost exclusively in C. acetobutylicum. 
I investigated the similarity in amino acid sequences between the multiple ChW 
domains of the 29 ChW proteins using BLASTP (Altschul et al. 1997). ChW domains 
(see an example in Figure 4.1) were compared amongst each other within the same 
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|# letter 
ChW domain structure for 20 C. acetobutvlicum proteins 
# letter 
ChW domain structure for 9 non-C. acetobutvlicum proteins 
Figure 4.2: ChW domain protein structures. The ChW domains are illustrated for the 20 C. acetobutylicum 
and 9 non-C. acetobutylicum proteins. The symbols used indicate: #, number of proteins with the indicated 
ChW domain structure; 5I>, a single ChW domain with the pattern within the arrowhead indicating which 
domains are phylogenetically most related to each other; •"•" , protein sequence where no ChW domains 
are located, length of line indicates relative positions of ChW domains. The ChW domain indicated by a 
striped arrowhead, ^ ^ , represents the first (ChWl), fourth (ChW4), or seventh (ChW7LChW domain 
found in the linear protein sequence. The ChW domain indicated by a plain arrowhead,2-* , represents the 
second (ChW2), fifth (ChW5), or eighth (ChW8) ChW domain found in the linear protein sequence. The 
ChW domain indicated by a checkered arrowhead,^^ , represents the third (ChW3), sixth (ChW6), or 
ninth (ChW9) ChW domain found in the linear protein sequence. For simplicity, when a protein structure 
contains other domain types in addition to ChW domains, only the ChW domains are illustrated. The letter 
(A-L) labels the architecture type of the protein based on how the ChW domains are clustered together. 
The number refers to the number of ChW proteins with the illustrated domain architecture. A proteins have 
874,701,861, 849, 808,857 residues; B proteins have 765,491,481,386,511 residues; C proteins have 
532, 505, 531 residues; D proteins have 773,752 residues; E protein has 259 residues; F protein has 500 
residues; G protein has 836 residues; H protein has 1043 residues; I proteins have 438,540,450,450 
residues; J proteins have 783, 854, 854 residues; K protein has 537 residues; and L protein has 479 
residues. ChW14 and ChW16/17 are both B architecture types of proteins. 
protein, different proteins of the same organism, and different proteins of different 
microorganisms. The similarity data indicate that within the C. acetobutylicum species 
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the amino acid identity remains quite high (ranging from 46%-100%), but diverges in 
non-C. acetobutylicum genera (with a range between 28%-56%). The 7 microorganisms 
that encode only a single ChW protein may have acquired its encoding gene by genetic 
exchange with C. acetobutylicum. 
4.3.2 ChW domains 
To determine how similar ChW14 and ChW16/17 are to each other their protein 
architectures were examined. The proteomic examination of ChW14 and ChW16/17 
(Sullivan and Bennett 2006) indicated that ChW 16/17 was thought to be covalently 
modified, due to its identification in two locations on the gel. ChW14 was not thought to 
be covalently modified because it was identified in one location on the gel. Nonetheless, 
the genes chwl4 and chw 16/17 appear to both encode the same general protein structure: 
an N-terminal signal sequence, six contiguous ChW domains, and a C-terminal tail. No 
other known domains have been identified in either protein. ChW14 and ChW16/17 are 
highly similar to each other with 70% identity and 82% similarity over the entire protein 
at the amino acid level as analyzed by BLASTP (Altschul et al. 1997). The ChW domain 
structures for all 20 C. acetobutylicum and the 9 non-C. acetobutylicum proteins are 
illustrated (Figure 4.2). Figure 4.2 shows that of the 20 C. acetobutylicum ChW proteins: 
6 ChW proteins have 3 ordered ChW domains followed by a spacer region separating the 
next set of 3 ChW domains (type A). Six ChW proteins have 6 contiguous ordered ChW 
domains (types B, G) with the location of those groups of ChW domains varying between 
the two types. Type G has the ChW domains at the C-terminus while type B has the 
ChW domains in the central portion of the protein. Five ChW proteins have 3 contiguous 
ordered ChW domains located in various portions of the ChW protein (types C, E, F). 
88 
Type C proteins have the ChW domains at the C-terminus while types E and F have the 
ChW domains more central in the proteins. The difference between type E and type F is 
that type F has a much longer tail after the ChW domains. One ChW protein has 3 
ordered ChW domains followed by a spacer region separating the next set of 6 ChW 
domains (type D). In one ChW protein, the 8th domain from left to right, is missing 
causing it to resemble 3 ordered sets of 3 ChW domains with each set separated by a 
spacer region (type H). Moreover, Figure 4.2 shows that of the 9 non-C acetobutylicum 
ChW proteins: 4 ChW proteins resemble type C of above (designated as type I). Three 
ChW proteins resemble type H of above but with the 8th ChW domain present (type J). 
One ChW protein resembles type G of above (type K), and a single protein contains a 
lone ChW domain (type L). Phylogenetic analysis (Figure 4.3B - 4.3G) indicates that the 
ChW domains cluster into groupings of three, that is, the ChW domains are not 
interchangeable but rather are specifically ordered. The individual ChW domains are 
coded to indicate their position as first (ChWl), second (ChW2), third (ChW3), et cetera 
along the primary sequence of the protein. Regarding specific amino acids, the 
absolutely conserved tryptophan may prove to be a key residue while the large number of 
hydrophobic and small residues may act to keep the interior environment of the ChW 
protein intact. 
When the number of ChW domains present in each protein was counted, 27 of 
the 29 contained a multiple of 3 (Table 4.1). Table 4.1 shows that the two exceptions are 
a C. acetobutylicum protein, Cac3275, and a Streptomyces coelicolor protein, SC04256. 
The phylogenetic data and the number of domains taken together suggest that the ChW 
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TABLE 4.1. The number of ChW domains present in C. acetobutylicum and non-C 
acetobutylicum proteins 
ChW protein 
C. acetobutylicum 
Cac0538 
Cac0539 
Cac0540 
Cacl389 
Cacl532 
Cac2290 
Cac2325 
Cac2367 
Cac2532 
Cac2533 
Cac2584 
Cac3272 
Cac3273 
Cac3274 
Cac3275 
Cac3278 
Cac3279 
Cac3280 
Cap0002 
Cap0003 
# domains 
i proteins 
3 
3 
3 
9 
6 
6 
6 
9 
6 
6 
6 
6 
3 
6 
8 
3 
6 
6 
6 
6 
ChW protein # domains 
Non-C. acetobutylicum proteins 
EF0123 9 
gbsl279 9 
LMOf2365 1900 3 
LMOh7858 1996 3 
SAG1206 9 
SC04256 1 
TeryDRAFT 3421 3 
ArthDRAFT 0637 6 
SdenDRAFT 2946 3 
domains occur primarily in triplets and thus may involve the grouping of these ChW 
domains into a larger structure that fulfills a key role for the function of the proteins. 
4.3.3 Other protein domains found in ChW proteins 
ChW proteins may harbor other domains in addition to the multiple ChW 
domains. SMART (Letunic et al. 2006; Schultz et al. 1998) recognizes regions in ChW 
proteins that include protein degrading (serine protease, peptidases, extracellular neutral 
metalloprotease), sugar degrading (beta-mannase), cell wall hydrolyzing (N-
acetylglucosaminidase), protein binding (leucine rich repeats), and cell adhering (BID2) 
domains. Noteworthy among these domains is the cell adhesion domain, BID2, as 
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recognized by SMART (Letunic etal. 2006; Schultz et al. 1998). This domain is found 
in surface proteins such as intimins, which mediate bacterial adhesion to host-cells. Its 
lectin-like domain suggests that carbohydrate recognition may be important for its 
adhesive function. A total of 19 C. acetobutylicum proteins contain BID2 domains. 
Among the other clostridial species, C. thermocellum and C. perfringens have a single 
protein with this domain, C. tetani has five, and C. beijerincki has seven. Because most 
bacterial species contain few proteins with BID2 domains (according to Pfam database), 
it is curious that C. acetobutylicum has 19 proteins containing the BID2 domain. 
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Figure 4.3: Phylogenetic analyses. (A) Phylogenetic analysis of the entire amino acid sequence ofChW 
proteins. Multiple alignments were performed on microbial protein sequences containing ChW domains 
using CLUSTALX and the phylogenetic relationships were calculated using the neighbor-joining approach. 
Bootstrap values correspond to the frequency of occurrence of node in 1000 bootstrap replicates. Bootstrap 
values (not shown) of a total of 26 nodes were calculated; 10 nodes had values of 1000 and 7 additional 
nodes had values greater than 900. Line length indicates percent sequence divergence (scale at top). The 
abbreviations indicate the microbial organism to which the protein belongs and the gene identification 
number in the genome encoding the specified proteins: CAC/P, Clostridium acetobutylicum; SCO, 
Streptomyces coelicolor; TeryDRAFT, Trichodesmium erythraeum; ArthDRAFT, Arthrobacter sp. FB24; 
SdenDRAFT, Shewanella denitrificans; LMOh/f, Listeria monocytogenes; EF, Enterococcus faecalis; and 
gbs/SAG, Streptococcus agalactiae. (B) Phylogenetic analysis of the amino acid sequence representing 
each individual ChW domain in each protein. Alignments and phylogeny was performed as specified in 
(A) with the exception that only the amino acid sequence for the ChW domains alone, rather than the 
sequence for the entire protein, was used. The abbreviations are the same as in (A) with the additional 
specification of the ChW domain position within the protein shown (e.g., ChWl-ChW12) at the end of the 
domain designation name. The complete phylogeny included 159 sequences aligned and indicated 3 
clusters of every third ChW domain (blue, green, and red) from C. acetobutylicum and a fourth cluster of 
non-C. acetobutylicum ChW domains (black). Shown are: the 1st (ChWl), 4th (ChW4), 7* (ChW7), and 
10* (ChWIO) ChW domains in C. acetobutylicum in blue; the 2nd (ChW2), 5th (ChW5), 8th (ChW8), and 
11th (ChWl 1) ChW domains in C. acetobutylicum in green; the 3rd (ChW3), 6th (ChW6), 9th (ChW9), and 
12th (ChW12) ChW domains in C. acetobutylicum in red; and the non-C. acetobutylicum ChW domains in 
black. (C) The clustering of the 1st, 4th, 7th, and 10th ChW domains in C. acetobutylicum in blue as shown 
in (B). The abbreviations are the same as in (B). (D) The clustering of the 2nd, 5*, 8th, and 11* ChW 
domains in C. acetobutylicum in green as shown in (B). The abbreviations are the same as in (B). (E) The 
clustering of the 3rd, 6th, 9th, and 12th ChW domains in C. acetobutylicum in red as shown in (B). The 
abbreviations are the same as in (B). (F and G) The clustering of the non-C. acetobutylicum ChW domains 
in black as shown in (B). The abbreviations are the same as in (B). 
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Furthermore, of the 19 proteins in C. acetobutylicum with BID2 domains, 11 are in the 
ChW family. Statistically, the association of both the ChW and the BID2 domains in C. 
acetobutylicum proteins is highly significant with a probability of 1.5x10"22. Therefore, 
we cautiously speculate that the ChW domains and the BID-2 domains may operate 
cooperatively for carbohydrate binding at the cell surface of C. acetobutylicum. 
4.3.4 Phytogeny of ChW proteins and of individual ChW domains 
To investigate the relationship among ChW proteins, a phytogeny was 
constructed using the entire amino acid sequence of the proteins (Figure 4.3A). From the 
constructed phytogeny it appears that all ChW domains are derived from one common 
ChW protein which split into two groups: the CAC3279 + CAC3273 branch and the 
branch which splits multiple times for the rest of the ChW proteins. The phytogeny 
provides further evidence that ChW14 (CAC1532) and ChW16/17 (CAC2584) are most 
closely related to one another. Interestingly, in four instances, the most closely related 
proteins are ones whose genes are adjacent to each other (i.e., CAC0538-CAC0540; 
CAC3274 and CAC3275; CAP0002 and CAP0003; CAC2532 and CAC2533). This 
could suggest a tandem duplication event occurred. Moreover, in 3 of the 4 cases, the 
same numbers of ChW domains are present in the adjacent encoded proteins (Table 4.1). 
This arrangement suggests that there may have originally been fewer genes encoding 
ChW proteins and that they were subsequently duplicated from preexisting triplet 
arrangement of ChW repeats within the genome of C. acetobutylicum. 
The non-C acetobutylicum proteins cluster together in the phylogenetic diagram 
and appear to be derived from the C. acetobutylicum proteins (Figure 4.3A). Moreover, 
the genera Listeria, Enterococcus, Streptococcus have been previously shown to cluster 
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with Clostridium in the low G+C phylogenetic branch (Morse etal. 2002; Onyenwoke et 
al. 2004). A limited number of ChW domains are present in the ChW proteins in these 
genera. It is not unusual to speculate that ChW proteins may have been transferred from 
C. acetobutylicum to other low G+C bacterial species, especially those residing in a soil 
environment, where C. acetobutylicum normally resides. 
To evaluate the relatedness of individual ChW domains to each other I 
constructed a phylogeny using the ChW domains alone. In proteins where more than one 
ChW domain is present, the domains were numbered from N- to C-terminal positions 
consecutively. The phylogeny that results from using all 159 ChW domains illustrates 
four major clusterings (Figure 4.3B). In each cluster, the 1st, 4th, 7th, and 10th ChW 
domains group together (Figure 4.3C), as do the 2nd, 5 th, 8th, and 11th (Figure 4.3D), as 
well as the 3rd, 6th, 9th, and 12th (Figure 4.3E). Note that not all ChW proteins contain as 
many as 12 ChW domains, but the grouping of three is maintained in ChW proteins with 
fewer ChW domains as well. This analysis indicates that the ChW domains appear to 
group as triplets of repeats and suggests that the group of three ChW domains may 
function as a unit in a structural or functional role with the protein and that each of the 
three positions with the arrangement may have a slightly different capacity. 
4.3.5 Predicted secondary structure of full length ChW proteins and of ChW domains 
The overall secondary structure predictions for ChW14 and ChW16/17 are quite 
comparable in percentage and ordering of the a-helices, p-sheets, and random coils. The 
percentage of a-helices and P-sheets are both approximately 20% and the remaining 60% 
of both proteins are predicted to form a random coil configuration. This result and the 
placement of the structural motifs within the overall sequence suggest that ChW14 and 
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ChW16/17 likely have similar tertiary structures. Tertiary structure prediction is only 
available when a protein structure has been solved and the coordinates are available in the 
protein databases to serve as a template for threading the protein of interest. No protein 
structures have been solved with sequence similarity to ChW proteins, thus, no protein is 
available in the non-redundant protein GenBank database to serve as a useful template for 
ChW14andChW16/17. 
The secondary structures of the individual ChW domains were determined using 
structure prediction programs. These secondary structures were not the same for all ChW 
domains. Individual ChW domains appear to have three subsections. The representative 
percentage of each secondary structure in each subsection is detailed for all 159 ChW 
domains (Table 4.2). Each subsection of secondary structure is approximately 15 amino 
acids long. A total of 45 residues of secondary structure units fit well with the total 
average length of the ChW domain of 47 amino acids long. The first subsection is most 
likely to have either a P-sheet or random coil configuration with the P-sheet being the 
predominant form (column 1 of Table 4.2). The second subsection is most likely to be in 
an oc-helix form (column 2 of Table 4.2). When an a-helix is not the predicted form in 
the second subsection, the next likely secondary structures, with an equal likelihood are 
the P-sheet or a mixture of a-helix and P-sheet form (column 2 of Table 4.2). In the third 
subsection, the most likely structure is the p-sheet and when the p-sheet form is not the 
predicted form, the prediction is that a random coil is the most likely form (column 3 of 
Table 4.2). The most common structure within a single ChW domain is P-sheet (69%), 
a-helix (56 %), P-sheet (70 %) (Table 4.2). Therefore, the most common predicted 
secondary structure of a single ChW domain is p-a-p. 
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4.3.6 P-galactosidase assays of chw!4 and chw!6/17 promoters in wild type 
C. acetobutvlicum and SKOl 
To assess when and to what extent chwl4 and chwl6/l 7 promoters were active I 
performed P-galactosidase reporter analyses. The promoters for both chwl4 and chwl6 
were assumed to be located immediately upstream of each respective gene. 
Computational prediction models of transcriptional units in C. acetobutylicum 
corroborate this assumption and indicate that there were no other expected promoters or 
operon structures upstream of the chwl4 and chw 16/17 genes (Paredes et al. 2004). The 
reporter plasmid constructs, pHT14 and pHT16, were designed to include all 
transcriptional signals for chw 14 and chw 16 genes, including any a factor recognition 
sites and 0A boxes, but exclude native translational signals. The intergenic region cloned 
was defined by the first nucleotide after the three bases encoding the stop codon for the 
previous gene until the last nucleotide before the seven bases encoding the putative 
ribosome-binding site, located 16 bases upstream of the three bases encoding the 
initiating methionine. The base reporter plasmid used for promoter activity in wild type 
C. acetobutylicum 824 was the same used in previous study, pHT3 (Tummala et al. 
1999). P-galactosidase stability tests (Tummala et al. 1999) indicate that the turnover 
rate of the P-galactosidase enzyme allows it to function as a sensitive reporter. 
p-galactosidase analysis in wild type 824 showed that chw 14 and chw 16/17 
promoters are both active to approximately the same extent (Figure 4.4A). The strength 
of the chw 14 promoter is slightly less than that ofchwl6/17, with a 0.8-fold ratio of 
chw 14/ chw 16/17 at peak activity. The promoters for chw 14 and chwl6/17, in wild type 
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TABLE 4.2. Predicted secondary structures of each single ChW domain 
Structure First section3 Second section3 Third section' 
#b (%c) #b (%c) #b (%c) 
a-helix 14(8.8) 89(55.9) 7(4.4) 
p-sheet 110(69.2) 37(23.3) 111(69.8) 
Mix 0(0) 33(20.7) 3(1.9) 
Random coil 35(22.0) 0(0) 38(23.9) 
section, each ChW domain appears to have three sections of predicted secondary structure with the 
first section defined as the most N-terminal and the third section as the most C-terminal section of 
predicted secondary structure within one ChW domain 
#, number of members with a specific predicted secondary structure in the specified section of the 
ChW domain 
%, percentage of total number of members to which the specified number corresponds. The total 
number is 159 ChW domains examined 
824, are both active during mid-exponential phase (Figure 4.4A). Therefore, the timing 
and strength similarities between chwl4 and chwl6/l 7 indicate that both genes may be 
expressed in a coordinated fashion and could encode proteins involved in the same 
general process providing similar or redundant functions. 
To assess the dependence of chwl4 and chwl6 on SpoOA for expression, a 
reporter analysis was performed in the spo0^4-deficient strain, SKOl. To assess promoter 
activity in SKOl, a new base plasmid, containing a different antibiotic resistance marker, 
was required because the spoOA gene was replaced with an erythromycin resistant 
cassette. Thus, the erythromycin resistant pHT3-based reporter plasmids could not be 
used. The pThiLac reporter plasmid was created (Scotcher and Bennett 2005) with a 
thiamphenicol resistant marker to be used in SKOl for reporter assays. Plasmid pThiLac 
had been previously shown to function properly in SKOl (Scotcher and Bennett 2005). 
My hypothesis was that chwl4 and chwl6/l 7 required SpoOA for expression because 
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Figure 4.4: Promoter activities of chwl'4 and chwl6/l 7. (A) In vivo determinations of promoter activities 
of chw 14 and chwl6/17 by means of lacZ reporter for 6 replicate analyses of static flask cultures in C. 
acetobutylicum ATCC 824. (i) Specific P-galactosidase activities for the negative control with promoterless 
P-galactosidase, open diamond, 824(pHT3); the positive control, ptb promoter, closed square, 824(pHT4); 
chwl4 promoter, open triangle, 824(pHT14); andchwl6/l 7 promoter, X, 824(pHT16). (ii) Relationship of 
OD600 averages during growth. (B) In vivo determinations of promoter activities of chwl 4 and chwl6/17 
by means of lacZ reporter for 6 replicate analyses of static flask cultures in SKOl, the spoOA deficient 
derivative of C. acetobutylicum ATCC 824 (i) Specific p-galactosidase activities for the negative control 
with no promoter expressing the P-galactosidase gene on the plasmid, open diamond, SKOl (pThiLac); 
chw!4 promoter, open triangle, SK01(pTL14); and chwWl 7 promoter, X, SK01(pTL16). (ii) 
Relationship of ODeoo averages during growth. 
their proteins were not detected in SKOl (Sullivan and Bennett 2006). Thus, chwl4 and 
chw 16/17 promoter activity was not expected in SKOl. 
Promoter activity from both chwl4 and chw16/17, using plasmids pTL14 and 
pTL16, respectively, appear constitutive in SKOl (Figure 4.4B). To account for the 
difference from the expected finding of no expression in the SKOl strain, I consider two 
possible factors to explain the reporter results. Firstly, the expression does not seem to 
follow the pattern that occurs in the wild type strain so the difference demonstrates that 
SpoOA is influencing the expression as expected, and the relatively high expression is a 
matter of a high background of this particular promoter reporter plasmid. This plasmid is 
different from the reporter plasmid used in the study with the wild type host and this 
change in plasmid was needed due to the drug resistance property of the SKOl strain. 
Another explanation is more biological in nature. SpoOA either directly or, via an 
intermediate player, may be required for protein stability or to delay protein turnover of 
ChW14 and ChW16/17 but is not specifically required for chw 14 and chw 16/17 gene 
transcription. In SKOl, the promoter of chw 14 was 1.6-fold greater than that of 
chw 16/17 at its peak activity. This same pattern of reporter activity has been observed 
with the ptb promoter in C. beijerinckii, in which ablated OA boxes destroyed the ability 
of SpoOA to downregulate expression at the end of exponential phase while the activity 
of the wild type promoter was shut-off at the transition to stationary phase (Ravagnani et 
al. 2000). 
It is not likely that SpoOA protein is exclusively required for transcription from 
promoters when in the chromosome but not when in a plasmid. Reporter analyses in 
Clostridium beijerinckii testing the response of SpoOA on OA boxes in adc and ptb 
promoters demonstrated the ability of SpoOA to recognize and activate transcription from 
these promoters in plasmid constructs (Ravagnani et al. 2000). However, there may be 
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differences in sensitivity to supercoiling or the presence of other genes nearby whose 
transcription could affect the process. Copy number differences are not likely to 
dramatically affect expression level between the two strains, since the replication origin, 
repL, was present on both of the parent plasmids pThiLac and pHT3. 
4.3.7 Primer extension analysis of chw!4 and chw!6/l7 expression and transcription start 
site 
Primer extension analysis has a two-fold objective: (i) to further characterize the 
expression pattern of chwl 4 and chwl6/17 by detecting when transcripts are present and 
(ii) to identify putative regulatory binding sites near the promoters ofchwH and 
chwl6/l 7 by determining the precise 5' end of the chwl4 and chwl6/l 7 transcripts. 
Because primer extension can be more technically challenging to perform than reporter 
assays, especially if the mRNA to be detected is present in minute quantities, this 
experiment is best performed after some indication of when in the growth cycle the genes 
are most highly expressed. I previously determined chwl4 and chwl6/17 promoter 
activity by reporter analysis and determined highest activity during mid-exponential 
phase for both genes. Primer extension is generally performed in the wild type strain. In 
the case ofchw!4 and chwl6H7, however, the sensitivity of the primer extension 
experiment needed to be increased and this was accomplished by use of plasmid 
constructs containing the promoter region of the gene in question. For this technique to 
increase the sensitivity then it is imperative that the plasmid contain the natural 
transcription start site. 
Results with total RNA from wild type 824 cells obtained from late exponential 
through early stationary phase (OD600 2.0, 3.5, and 5) indicate that chw!4 mRNA is 
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present at very low levels at these time points. This conclusion was based on the finding 
that five times the standard amount of total RNA (100 fig) had to be used to obtain a 
signal (data not shown). In wild type 824, chwl4 transcripts correlate with the results for 
its corresponding recombinant reporter strain; i.e., transcripts are detectable from late 
exponential until early stationary phase (data not shown). The mRNA transcripts for 
chw 16/17 were never detected in wild type 824 using 100 fig of starting total RNA (data 
not shown). 
To increase the sensitivity of detecting chw 14 and chw 16/17 mRNA transcripts in 
the primer extension experiment, the P-galactosidase reporter plasmids (discussed in the 
last section) containing the promoter regions, were used to create recombinant C. 
acetobutylicum strains with multiple copies of chw 14 and chw 16117 promoters. The (3-
galactosidase plasmid constructs were used to increase promoter copy number. Since 
previous reporter activity measurements indicated that the promoters were active in these 
plasmids, these plasmids should serve as appropriate sources for RNA isolation and 
primer extension experiments. The higher sequence dosage of chw 14 and chw 16/17 
promoters in strains 824(pHT14) and 824(pHT16), respectively, allowed primer 
extension products to be detected. Transcripts for chwl4 were detected from early 
exponential until early stationary phase while chw 16117 transcripts were detected from 
late exponential until early stationary phase. 
This study examined the promoter structures of chwl4 and chw 16/17 proposed in 
the published computational analysis of transcriptional organization of C. acetobutylicum 
(Paredes et al. 2004) and the mapped transcription start sites presented in this study. The 
genes chw 14 (CAC1532) and CAC1533 belong to the same transcriptional unit and a 
predicted a binding site is located 80 to 40 nucleotides upstream of the ATG translation 
start codon of the chwl4 transcript (Figure 4.5A). A predicted rho-independent 
transcriptional terminator is located at positions 292 to 252 upstream of the ATG (Figure 
4.5A). The mapped chwl4 transcriptional start site (Figure 4.5A) is 39 nucleotides 
upstream from the ATG with A as the first transcribed nucleotide. The mapped 
transcriptional start site is likely the true start site, rather than the result of a processing 
event, because of its juxtaposition just downstream of a rho-independent terminator 
structure for the previous gene. A putative aA binding site, TTGCAA-(17bp)-TAAAAT 
(Paredes et al. 2004) began 32 nucleotides upstream of the transcriptional start site 
indicating that this is the promoter structure directing transcription of chwl4. 
Additionally, an 0A box was identified 91 nucleotides upstream of the transcription start 
site (Figure 4.5A). 
The gene chwl6/l7 (CAC2584) is a predicted singleton with a CTA binding site 
located 77 to 37 nucleotides upstream of the ATG (Figure 4.5B). Positions 148 to 101 
upstream from the ATG harbor a predicted rho-independent transcriptional terminator 
(Figure 4.5B). The mapped chwl6/l 7 transcriptional start site (Figure 4.5B) is 36 
nucleotides upstream from the ATG with A as the first transcribed nucleotide. Like 
chwl4, the mapped transcriptional start site of chwl6/17 is likely the true start site due to 
the rho-independent terminator structure for the previous gene just upstream of the 
transcription start site. A putative aA binding site, TTGAAA-(17bp)-TAAAAT (Paredes 
et al. 2004) began 33 nucleotides upstream of the transcriptional start site indicating that 
this is the promoter structure directing transcription of chw 16/17. Additionally, an 0A 
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box was identified 113 nucleotides upstream of the transcription start site (Figure 4.5B). 
4.3.8 DNA-microarrav gene-expression studies on chw-related genes 
Because the function of ChW proteins remains to be elucidated, the significance 
of the chw gene expression patterns can not be fully appreciated. The expression of these 
genes is summarized below and illustrated in Figure 4.6. These data were obtained in the 
laboratory of our collaborator, E.T. Papoutsakis (while at Northwestern University; 
E.T.P. is currently at the Delaware Biotechnology Institute). These microarray studies 
examined gene expression during a batch growth; challenges with acetate, butyrate, or 
butanol; and in a megaplasmid deficient strain (M5) (Clark et al. 1989). First, the 
expression of many chw genes is altered at the transition from exponential to stationary 
phase. Five genes are downregulated (CAC0539, CAC0540, CAC2290, CAC2325, 
CAC2367, and CAC2533) and two are upregulated (CAC0538 and CAC1389). 
Secondly, five genes are downregulated in response to acid challenges, including both 
chw 14 (CAC1532) and chw 16/17 (CAC2584). The remaining genes downregulated in 
response to acid challenges are CAC2367, CAC0539 and CAC0540. These last two 
genes (CAC0539 and CAC0540), which comprise a predicted two gene operon (Paredes 
et al. 2004), are also downregulated as a response to butanol challenges. Of the six 
genes (CAC0539, CAC0540, CAC1389, chwU [CAC1532], CAC2367, chwl6/17 
[CAC2584]) that exhibit altered expression with the loss of the megaplasmid, only chwl4 
and chw 16117 are expressed in the exponential phase, with the other four genes 
demonstrating downregulation upon entering the stationary phase. The microarray data 
show expression patterns for chw 14 and chw 16/17 that correlate with the findings from 
chw14 
rho-independent transcription terminator 
AATAAAATAAAGCCTAGTATGTTTTTAATGCA|TACTAGGCTTTTGGCTTTGAAGTCCGGTAATTTTATGTAftAA | 
AGTGAATTGTCATAAAGGGGGCAATATATAAAGAAAGGTATGGATTATAATGTAAATGATGAGAGAAGTTTTTATTAAAG 
TTTATTACAGAGGATACTGTGACTAATTATAGTTTTGTAAAGTTGAGTATGATTTACATAAGAGAAATGCGGAGGTAT 
<** R BS I *" 
TTGCAAAAAATAGGAATAAATTATAAAATATA [ A] TTATTAATCAATAATATTCAAGTTTAAGGGGGAAAATAAATG 
chw16 
rho-independent transcription terminator 
SGTTTGAATlTGTAGAAACAGCATTGATACTGATGCTGTTTTTATATTTGCTCAATAdAACCCTATTAATTACATTAATACAA 
cA RBS ' 
U\AGTTATTGAAAAAGGAAAATAACAATTATAAAATATAA rAl TGTTGACAATAAAATTCATTCAAGGAGGAAACAAGATG 
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Figure 4.5: Primer extension analysis for controlled pH (pH > 5) fermentation with strain 824(pHT14) and 
824(pHT16). (A) Primer extension products made with primer designed to the 5' end of lacZ are shown. 
20(xg of RNA sample from a culture of OD^o 1.2 was used for these experiments and was obtained from 
strains 824(pHT14) and 824(pHT16). Transcription start sites and promoter region sequence of chw 14 and 
chwl6/17 are shown. The transcripts (arrowhead) identified by primer extension for chwl4 (A) and 
chw 16/] 7(B) correspond to the transcription start sites shown on the sequences in brackets. The 
sequencing reaction products (lanes A, T, C, and G) were generated with the same primers as those used for 
the primer extension reactions. Also identified within the promoter region sequences are predicted crA 
binding site (underlined) (Paredes et al. 2004), a putative binding site for SpoOA (0A box in lower case), a 
predicted transcription terminator structure (boxed), and putative ribosome-binding sites (RBS underlined; 
canonical Clostridium RBS is AGGAGG (Belouski et al. 1998)). The arrows indicate the first codon of the 
open reading frame. 
the reporter analysis and the primer extension data in that the main expression of these 
genes is in the exponential phase of growth. 
The chwl4 and chw 16/17 genes behave similarly under every growth condition 
tested: with the loss of the megaplasmid, with a challenge of acid or butanol, and during 
the various phases of growth (Figure 4.6). In the megaplasmid deficient strain, with 
increasing fermentation time the expression of both chwl4 and chwl6 decrease. Acetate 
challenge results in slightly lower expression than the control for all time points during 
the fermentation for both chwl4 and chwl6. When challenged with butyrate or butanol 
the trend of expression is the same for both chwl4 and chw!6, but slight differences in 
expression level are observed. When challenged with butyrate, both chwl4 and chwl6 
are lower than the control, with chwl4 slightly lower (more green) than chwl6 (greenish-
black) as the fermentation progresses. When challenged with butanol, at the start of the 
fermentation chw 14 expression is slightly higher than the control (reddish-black) and 
chwl6 is approximately the same as the control (black), but as the fermentation 
progresses, both chw 14 and chw 16 decrease. The only instance in which the trend of 
expression differs between chw 14 and chw 16 is during a wild type timecourse. In this 
case, chwl4 increases as the fermentation progresses while chwl6 increases until the 
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Figure 4.6: Comparison of expression ratios of genes encoding ChW proteins. The expression ratios for 
acetate, butyrate and butanol stress challenges (GEO deposit number GSE5020 
(http://www.ncbi.nlm.nih.gov/geo/)), time course (Alsaker et al. 2005) and M5/WT (Yang et al. 2003) are 
shown. Only genes encoding ChW proteins that show a mean intensity of 300 units (Yang et al. 2003) are 
displayed. For the acetate, butyrate and butanol experiments the sampling time is indicated with time zero 
being the moment when the stress started whereas for the time course and M5/WT experiments, the 
sampling points are labeled as in their original paper (Yang et al. 2003). All values presented are log2 
ratios with red indicating a higher mRNA level than the control and green indicating a lower mRNA level 
than the control. Saturated red and saturated green indicate log2 ratios equal or greater than 3 or smaller or 
equal than -3 respectively. Grey rectangles indicate no measurable ratio for the time point or a gene not 
expressed according to the criterion described (Yang et al. 2003). Black rectangles indicate equal levels of 
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expression. For comparison purposes, sporulation and solventogenic markers have been included and are 
labeled as such. 
transition and then decreases back to starting levels during late stationary phase. Thus, 
their strikingly similar expression pattern enforces the hypothesis that these two genes 
may encode proteins that perform the same or an overlapping function. 
Finally, not all of the chw genes display interesting expression patterns. In fact, 8 
of the 20 genes (CAC2532, CAC3272, CAC3274, CAC3275, CAC3275, CAC3278, 
CAC3279, CAC3280, CAP0002) appear to not be expressed at all. These genes may not 
expressed at a detectable level under the conditions examined or they may be 
pseudogenes. Enzyme activities or values for the protein levels corresponding to these 
genes have not been reported. While CAP0002 appears not to be expressed under the 
conditions of this study, its expression has been reported to be upregulated in the absence 
of spoOA in exponential phase, as described below. 
The expression of three chw genes was compared in SKOl versus wild type 824 
by microarray analysis: CAC2290, CAP0002, and CAP0003 (Tomas et al. 2003a). That 
report encompassed approximately 25% of the C. acetobutylicum genome and thus many 
of the chw genes were not part of that analysis. CAC2290 was not found to be 
differentially expressed in response to the presence or absence of spoOA. All three genes, 
CAC2290, CAP0002, and CAP0003, appeared to be truly expressed through the whole 
time course, with the exception of the first and last timepoints for CAC2290. CAP0003, 
and to a lesser extent CAP0002, were upregulated in SKOl as compared to wild type 824 
during the early phase of growth and up to the transition to stationary phase (Tomas et al. 
2003a). 
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4.3.9 Overview of the plan of protein-based experiments to identify the role of ChW14 
andChW16/17 
The following sections 4.3.9-4.3.14 describe plans for experiments that were 
never successfully completed, despite numerous attempts. There are no conclusions that 
can be drawn from the experimental work detailed. These sections entail comprehensive 
description of gene expression and protein purification work with aims to determine the 
functional role of ChW14 and ChW16/17. 
To determine the function of ChW14 and ChW16/17, antibodies specific to these 
proteins would be essential reagents. The plan was to use these specific antibodies in 
either co-immunoprecipitation experiments or affinity chromatography experiments to 
discover proteins that associated with ChW14 or ChW16/17. The proteins that bind to 
the ChW proteins could be isolated and identified using mass spectrometry techniques as 
was used in the identification of the protein spots on the two-dimensional gels reported in 
Chapter 3. Such information could be used to search for the possible functions of the 
newly identified binding partners of the ChW proteins by using databases and their 
possible homology to other proteins of known function. Since this seemed to be an 
important and potentially very revealing avenue of research, considerable effort was 
made to obtain and analyze antibodies against these proteins. Alas, properly functioning 
anti-ChW antibodies were never obtained. Specifically, protein affinity chromatography 
was planned to be used to isolate proteins that interact with ChW14 and ChW16/17. C. 
acetobutylicum cells would have been separated into their fractions, i.e., cytoplasm, 
plasma membrane, and cell wall. Each cell fraction and the surrounding media would be 
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passaged through a column with immobilized ChW14 or ChW16/17 and bound proteins 
could then be retrieved and identified. 
Because ChW14 and ChW16/17 are putatively cell surface associated due to their 
N-terminal signal sequences, interactions between these ChW proteins and components 
of the cell wall would have been examined. No C. acetobutylicum cell wall components 
are commercially available, but techniques for their purification are well documented 
(Hancock and Poxton 1988). Each wall component, i.e., peptidoglycan, teichoic acids, 
teichuronic acids, lipoteichoic acids, S-layer proteins, ionically associated wall proteins 
(autolysins), and polyglutamate or polysaccharide capsule polymers, could be purified 
and tested separately for an interaction. Alternatively, the mixture of components could 
be tested with the affinity column as was proposed with the cell protein fractions and the 
components that bound to the ChW protein matrix could be identified. Should an 
interaction exist between ChW14 or ChW16/17 and a cell wall protein then the 
interaction would likely have been detected in the protein affinity chromatography as 
well. 
4.3.10 Overview of the plan to determine ChW14 and ChW16/17 subcellular localization 
Cell fractionation experiments were planned to determine whether ChW14 and 
ChW16/17 proteins are associated with the cytoplasm, plasma membrane, cell wall, or 
secreted into the media. Anti-ChW 14 and anti-ChW 16 antibodies would have been 
used to detect which fraction(s) contain the proteins. 
Should the results of cell fractionation indicate that ChW14 and ChW 16/17 are 
localized to the cell surface, the use of fluorescence microscopy could be used to confirm 
the presence of ChW14 and ChW16/17 on the surface of the C. acetobutylicum cell. A 
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primary anti-ChW14 antibody would be generated in rabbit and a primary anti-
ChW16/17 antibody would be generated in chicken. Fluorescently (e.g., fluorescein) 
labeled secondary anti-rabbit antibody and a rhodamine labeled secondary anti-chicken 
antibody both generated in goat and commercially available were planned to be used, 
both separately and together, on cells from various stages of growth exhibiting cell 
morphologies indicative of the differing growth stages to determine the presence and 
distribution of ChW14 and ChW16/17., Due to technical difficulties with the formation 
of specific antibodies these experiments to explore the function of the ChW proteins were 
not carried out. Some details of the experiments relating to the expression of these 
proteins in E. coli and efforts to obtain and characterize suitable antibodies are described 
in the following sections. 
4.3.11 Expression of chw!4 and chw!6/17 
4.3.11.1 Heterologous expression of the chw genes in E. coli 
To generate a sufficient amount of protein that could be used to generate 
polyclonal antibodies against ChW14 and ChW16/17 many attempts were made to 
express chw 14 and chw 16/17 and purify the proteins. The chw 14 and chw 16/17 genes of 
C. acetobutylicum were cloned for heterologous expression mE. coli. C. acetobutylicum 
genes are routinely expressed in E. coli in our laboratory, thus there was no reason to 
anticipate the technical difficulties associated with expressing these genes. Because no 
enzyme activity assay exists for facile screening, the correct clone was always sequence 
verified. Moreover, it was expected that ChW14 or ChW 16/17 protein accumulation 
could be visualized on SDS-PAGE gels. 
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Full length open reading frames (ORFs) for both chwl4 and chwl6/17 were 
cloned into pTrcHis-TOPO (Invitrogen, Carlsbad, CA), which encodes an N-terminal 
hexahistidine (his)-tag, to generate constructs pTrcHis_14 and pTrcHis_16. Although 
these constructs were made and verified, no obvious protein band corresponding to the 
his-tagged ChW protein was detected on SDS-PAGE gels. One possible reason for an 
undetectable protein band could be due to a significant codon bias difference between E. 
coli (with G+C% around 50%) and C. acetobutylicum (with G+C% around 30%). This 
possibility was investigated by using E. coli BL21(DE3) Codon Plus- RIL strain 
(Novagen, La Jolla, CA), a strain that contains a plasmid encoding additional genes for 
tRNAs that recognize the rare codons for arginine, isoleucine, and leucine. This strain 
was used to alleviate the potential codon bias problem. No transformant colonies were 
obtained in this strain for either construct. To investigate whether a low level of the 
protein was formed in any of the transformed strains, a more sensitive technique was 
necessary. Immunoblots were employed to increase detection sensitivity. An anti-his 
antibody (N-terminal his-tag specific, Invitrogen, Carlsbad, CA) was used for detection. 
A band was detected on an immunoblot for ChW 14, but at a size consistent with the 
cleaved N-terminal his-tag and signal sequence (approximately 10 kDa), not the full-
length ChW14 protein (55 kDa) (Figure 4.7, lane 4). The 40 kDa positive control protein 
band for the expression system (Invitrogen, Carlsbad, CA) is also indicated for size 
comparison in lanes 5 and 6 (Figure 4.7). 
As a result of the N-terminal his-tag and signal sequence being cleaved from the 
protein, full-length chwl4 and chwl 6/17 ORFs were cloned into pTrcHis2-TOPO 
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Figure 4.7. Imtnunoblot detecting chwl4 expression. Blot was probed with C-terminal specific anti-his 
antibody (Invitrogen, Carlsbad, CA). Lanes 2-4 used protein obtained from TOP 10 (pTrcHis_14) and lanes 
5 and 6 used protein from TOP 10 (pTrcHislacZ) as a positive control. Lane 1, Kaleidoscope prestained 
standard (Bio-Rad); lane 2, supernatant from uninduced expression of ChW14; lane 3, pellet from 
uninduced expression of chwl4; lane 4, pellet from induced expression of chwl4; lane 5, pellet from 
induced expression of lacZ; lane 6, pellet from uninduced expression of lacZ. 
(Invitrogen, Carlsbad, CA) encoding a C-terminal his-tag, to generate pTrcHis2_14 and 
pTrcHis2_16. Again, immunoblot screening did not reveal any expression products of 
either construct. It is possible that ChW14 and ChW16/17 proteins with their C-terminal 
his tags were secreted out of the cell. 
Because the N-terminal signal sequence may transport these proteins out of the 
cell, chwl4 and chwl6/17were cloned without their respective N-terminal signal 
sequences, into pET41b(+) to generate pET14-N and pET16-N. The base plasmid, 
pET41b(+), encodes both an N-terminal (glutathione-S-transferase, GST) and a C-
terminal (his) tag. A plasmid with dual tags was chosen for greater flexibility in 
screening for expression and purifying the proteins. SDS-PAGE analysis did not reveal 
any clones with a prominent protein band. Immunoblot screens, using an anti-his tag 
(Novagen, La Jolla, CA), showed that induced cell pellets for both constructs generated a 
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multiple band pattern, consistent with the idea of ChW14 and ChW16/17 protein 
degradation within the cell. Purification of the ChW14 and ChW16/17 proteins was 
attempted with these constructs and is described below. In short, these purification 
attempts were not successful. Thus, new plasmid constructs for chwl4 and chw 16/17 
expression and subsequent protein purification were generated. 
Because the goal of expression and protein purification is to generate antibodies 
against ChW14 and ChW16/17, a full-length protein was not necessarily required for this 
objective. Only a sufficiently long section of the protein need be purified and used as an 
antigen to generate an immune response in an animal host. Moreover, protein affinity 
chromatography could be performed with a protein fragment as well as with a full-length 
protein. When purification attempts using pET14-N and pET16-N repeatedly failed (as 
described below) new constructs were designed to express the six repetitive ChW 
domains and the residues C-terminal to the six repetitive ChW domains, separately for 
chw 14 and chw 16/17. These four sections, the two containing the ChW encoding repeats, 
and the distal C-terminal sequences for each gene, were individually cloned into 
pET41b(+) and designated pET14domain, pET16domain, pET14Cterminus, and 
pET16Cterminus. Accumulation of ChW14 and ChW16/17 protein fragments in induced 
cell pellets was visualized by staining of the SDS-PAGE, and bands were found at sizes 
corresponding to predicted sizes (Figure 4.8). The protein fragment bands corresponding 
to the 6 contiguous ChW domains are found in lanes 2 and 3, for ChW14 and ChW16/17, 
with the expected sizes of 69 kDa and 71 kDa, respectively (Figure 4.8). The protein 
fragments bands corresponding to the region C-terminal to the ChW domains are found 
in lanes 5 and 6, for ChW14 and ChW16/17, with expected sizes of 58 kDa and 61 kDa, 
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Figure 4.8. SDS-PAGE displaying chw!4 and chwl6/l 7 protein fragment accumulation. All lanes are 
protein from induced cell pellets of IPTG induced cultures. Lane 1, protein from BL21(DE3) (pET41b(+)); 
Lane 2, protein from BL21(DE3) (pETHdomain); Lane 3, protein from BL21(DE3) (pET16domain); Lane 
4, standard; Lane 5, protein from BL21(DE3) (pET14Cterminus); Lane 6, protein from BL21(DE3) 
(pET16Cterminus). 
respectively (Figure 4.8). These constructs were used for subsequent ChW14 and 
ChW16/17 protein purification attempts, as described below. 
4.3.11.2 Homologous over-expression of the chw genes in C. acetobutvlicum 
The experience in our laboratory is that heterologous expression of C. 
acetobutylicum genes in E. coli is the most facile method to obtain C. acetobutylicum 
proteins of interest. However, considering the difficulty obtaining ChW14 and 
ChW16/17 proteins from heterologous expression in E. coli, homologous over-expression 
in C. acetobutylicum was employed. I did not pursue traditional protein purification from 
C. acetobutylicum as a first line for obtaining pure proteins because of the notoriously 
low yields associated with this methodology combined with the fact that ChW14 and 
ChW16/17 represent only a small percentage of the total protein (proteomic study, 
chapter 3). 
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To over-express chwl4 and chw 16/17 homologously in C. acetobutylicum the 
full-length genes were cloned into an E. coli-C. acetobutylicum shuttle plasmid under 
control of a strong C. acetobutylicum promoter, ptb, with known functionality in E. coli. 
The pPTB14 and pPTB16 constructs were designed with six histidine residues at the 3' 
end of the cloned chw gene. A successful chwl4 expression plasmid was never 
identified. The chw 16/17 expression plasmid was prepared, characterized by DNA 
analysis, and screened in E. coli by immunoblotting using a C-terminal specific anti-his 
antibody (Invitrogen, Carlsbad, CA). A putative clone was chosen based on a positive 
immunoblotting signal at the size expected without the N-terminal signal sequence. No 
obvious protein accumulation was observed on the stained SDS-PAGE gel. To avoid 
protein degradation problems encountered with E. coli expression, the pPTB16 construct 
was electroporated into C. acetobutylicum for over-expression of chw 16/17. The highest 
level of chw16/17 expression was expected during mid-exponential phase as reporter 
assays indicate this is when peak promoter activity occurs. When C. acetobutylicum 
cultures were harvested at early-, mid-, and late-exponential phase and the cell pellets 
were subjected to SDS-PAGE, a prominent protein band was detectable at the size 
expected for ChW16/17 minus the N-terminal signal sequence, approximately 45 kDa. 
However, when these gels were immunoblotted with the same anti-his antibody used in 
the E. coli screen, no positive signals were detected. The absence of an immunoblotting 
signal in C. acetobutylicum samples suggests that the his-tagged protein was not present 
in C. acetobutylicum and may have been degraded. I concluded that the prominent 
protein band observed on SDS-PAGE gels of C. acetobutylicum samples [824 and 
824(pPTB16)] was likely the flagellin protein (with a size of 42 kDa) known to be 
119 
present at high levels during exponential growth in C. acetobutylicum, since the band was 
present in wild type as well as the recombinant samples and the size difference between 
flagellin and ChW16/17 without its signal sequence is only 3kDa. Because pPTB14 was 
not constructed and the designed his-tagged ChW16/17 protein was not found in C. 
acetobutylicum, further efforts focusing on homologous expression of these ChW 
proteins were not continued. 
4.3.12 Purification of ChW14 and ChW16/17 proteins 
4.3.12.1 Purification of ChW14 and ChW16/17 using pET14-N and PET16-N constructs 
Induced E. coli cells harboring pET14-N or pET16-N constructs degrade the ChW 
proteins. I postulated that despite the appearance of protein degradation, a small 
percentage of full-length protein should retain the ability to be purified by virtue of both 
an N- and C-terminus affinity tag. The percentage of protein that is full-length ChW 
proteins is in such low concentrations that a prominent band is undetectable on SDS-
PAGE gels. Even though affinity chromatography is capable of specifically binding a 
protein present in low concentration from a cell extract, and thus capable of purifying 
dilute proteins, this technique was not sensitive enough to purify ChW14 or ChW16/17 
under the experimental conditions that were tested. 
4.3.12.2 Purification of ChW14 and ChW16/17 protein fragments using pETHdomain. 
pET16domain, pET14Cterminus. and pET16Cterminus constructs 
When accumulation of ChW14 and ChWl 6/17 protein fragments (i.e., expression 
products from pETHdomain, pET16domain, pET14Cterminus, and pET16Cterminus 
constructs) could be visualized on an SDS-PAGE gel as discrete prominent bands, 
attempts were made to purify these protein fragments by double affinity chromatography 
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utilizing both the N- and C-terminal affinity tags. Double affinity chromatography would 
eliminate smaller degradation products of the ChW14 and ChW16/17 segments, as 
degradation products would not contain both affinity tags. Each of these 4 protein 
fragments were purified using either single affinity column, but were never successfully 
purified using both columns in succession. The protein fragments purified by a single 
affinity column continued to contain contaminating smaller degradation products. In 
order to purify protein fragments away from degradation products, I purified the protein 
fragments with an affinity column and then by size exclusion chromatography. The 
protein fragments did not elute from the size exclusion column at the expected time 
considering their size. The protein fragments eluted with the void volume, which 
indicates that they are of a size much greater than expected and likely were eluting as a 
protein aggregate. I attempted to limit protein degradation and protein aggregation by 
growth in an OmpT protease deficient E. coli strain, use of a protease inhibitor during 
purification, and induction and growth at a lower temperature. However, none of these 
strategies eliminated the formation of aggregates. Therefore, I tested conditions in which 
the protein fragment aggregates could be re-solubilized after each purification because 
soluble ChW protein fragments are necessary to further the aims of this work. Various 
buffer conditions were tested. I found that 5mM DTT or lOmM EDTA solubilize the 
highest amounts of aggregated protein as seen with the darkest bands of the immunoblot 
using the soluble fraction of proteins (lanes 6 and 7 in panel A of Figure 4.9). One molar 
NaCl is sufficient to completely solubilize all detectable aggregated protein as shown by 
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Figure 4.9. A representative immunoblot demonstrating buffer conditions used to solubilize ChW14 and 
ChW16/17 protein fragments. This blot shows ChW16/17C-terminus protein fragment solubilization. 
Panel A shows the soluble fraction and panel B shows the aggregate fraction. Panel A: lane 1, molecular 
weight standard; lane 2, 10% glycerol; lane 3, 500 mM glucose; lane 4, 1M sodium chloride (NaCl); lane 5, 
200 mM NaCl; lane 6, 5 mM dithiothreitol (DTT); lane 7,10 mM ethylenediaminetetraacetic acid (EDTA); 
lane 8, 500 mM arginine; lane 9, 500 mM proline; lane 10,0.5 mM urea. Panel B: lane 1, 10% glycerol; 
lane 2, 500 mM glucose; lane 3, 1M sodium chloride (NaCl); lane 4, 200 mM NaCl; lane 5, molecular 
weight standard; lane 6, 5 mM dithiothreitol (DTT); lane 7, 10 mM ethylenediaminetetraacetic acid 
(EDTA); lane 8, 500 mM arginine; lane 9, 500 mM proline; lane 10, 0.5 mM urea. 
the absence of any detectable band in the immunoblot in the aggregate fraction of 
proteins (lane 3 in panel B of Figure 4.9). Additionally, lOmM EDTA and 0.5M arginine 
solubilize almost all of the aggregated protein, such that there was little detectable 
aggregated protein apparent in the immunoblot in the aggregate fraction of proteins (lanes 
7 and 8 in panel B of Figure 4.9). These buffer conditions were used to solubilize ChW 
proteins. 
After the repeated failure of immunoblots, dotblots, and indirect enzyme linked 
immunosorbent assays (ELISAs) (as described below) to show the functionality of the 
anti-ChW14 and anti-ChW16/17 antibodies generated from synthesized peptides, these 
soluble ChW proteins were going to be used to generate a second batch of antibodies. 
These new antibodies were going to be polyclonal antibodies generated against the entire 
ChW protein in animal hosts, after their GST-tags were removed. However, because of 
the multiple technical difficulties associated with this project, it was considered unlikely 
that the original aims of the protein based strategy for elucidating the function of the 
ChW proteins would be successfully concluded with the techniques available, therefore 
this portion of the work was discontinued at this point. 
4.3.13 Generation of anti-ChW14 and anti-ChW16/17 polyclonal antibodies 
4.3.13.1 Immunoblot detection 
Anti-ChW14 and anti-ChW16/17 antibodies are necessary for investigating 
possible functional roles for ChW 14 and ChW16/17. When protein production of 
ChW14 and ChW16/17 was not as facile as initially anticipated, rather than generate 
antibodies against the full-length proteins, anti-ChW14 and anti-ChW16/17 polyclonal 
antibodies were generated using two chemically synthesized peptides, one for each 
protein, as the antigens. The peptides selected as specific antigens were based on 
computational analysis of the amino acid sequences of the ChW proteins using methods 
of the vendor (Alpha Diagnostics Inc., San Antonio, TX). Two rabbits were used to raise 
antibodies against the ChW14 peptide while two chickens were used to raise antibodies 
against ChW 16/17 peptide (Alpha Diagnostics Inc., San Antonio, TX). The peptides for 
both ChW14 and ChW16/17 corresponded to a 19 amino acid region in their C-termini, 
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specific to each protein. The titres of the sera were determined by ELISAs: an average 
titre was generated for anti-ChW14 and an excellent titre was generated for anti-
ChW16/17 according to the supplier (Alpha Diagnostics Inc., San Antonio, TX). 
Immunoblot analyses using these peptide antibodies revealed only non-specific binding 
when cell pellets of E. coli harboring plasmids expressing the C-termini of ChW14 and 
ChW16/17 (pETHCterminus and pET16Cterminus). 
4.3.13.2 Dot blot detection 
Dot blots were used to test that the peptide antibodies were capable of recognizing 
the ChW14 and ChW16/17 synthesized peptides alone, since the peptide antibodies did 
not recognize ChW14 and ChW16/17 C-termini expressed in E. coli. For both anti-
ChW14 and anti-ChW16/17 antibodies the only signal detected was for the molecular 
weight standard control (Figure 4.10). No signal was detected by the antibodies for either 
ChW14 or ChW16/17 (Figure 4.10). Therefore, these antibodies appear not to be useful 
tools for detecting ChW14 or ChW16/17 proteins. 
4.3.13.3 ELISA detection 
When the functionality of the antibodies could not be demonstrated by 
immunoblots, the antibodies were employed in ELISAs as a means to ascertain whether 
the antibodies were technique specific. These antibodies were predicted to be functional 
in ELISAs because Alpha Diagnostics Inc. (San Antonio, TX) reported their activity by 
this assay (Table 2.6). While technique-specific antibodies may not be useful in 
immunoblots, they may be useful in localization experiments. To test for a 
proportionally linear response that correlated with the dilution of peptide antigen and the 
dilution of the secondary antibody many ELISA conditions were assessed, most in 
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Figure 4.10. Dot blot of anti-ChW14 and anti-ChW16/17 antibodies (1:100 dilution) against chemically 
synthesized ChW14 and ChW16/17 peptides (50ug) (Alpha Diagnostics Inc., San Antonio, TX) and a 
molecular weight standard (16|ig) (Kaleidoscope prestained standard, Bio-Rad). 
duplicate. Numerous reaction conditions were assayed because the level of the signal 
was never much above background nor was a linearly correlated response apparent. 
The ChW16/17 peptide was applied to the plates in concentrations from 10 
ug/mL to 0.625 ug/mL in two-fold dilutions. The antigen was coated in phosphate 
buffered saline (PBS), the standard coating buffer for ELISA analysis (Van Regenmortal 
et al. 1988). Wash buffer included the nonionic detergent Tween-20 to disrupt low 
affinity nonspecific interactions between proteins. Blocking buffer included Tween-20 as 
well as bovine serum albumin (BSA). Addition of protein to the blocking buffer may 
decrease the background signal by blocking the hydrophilic sites on the surface of the 
plastic that the hydrophobic detergent does not address. The preimmune and bleed 1 sera 
were initially tested at dilutions of 1:1,000 in half the plate with the other half acting as a 
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negative control. The secondary antibody was tested at four two-fold dilutions from 
1:5,000 to 1:40,000. To subtract background signal given from non-specific interactions 
between bound antigen and the secondary horse radish peroxidase (HRP) conjugate 
antibody, a blank plate was prepared as above without the addition of sera. No 
significant linear response was observed in the series of tests. Therefore, I tested a lower 
range of antigen concentrations because the signal had previously plateaued at 
concentrations above 2.5 |j.g/mL when 10 ug/mL was protein concentration in the starting 
stock solution was used for the dilution series. 
To test additional assay conditions, the following parameters were varied: antigen 
concentrations, primary antibody sera bleed fraction, sera dilutions, wash buffer, and 
blocking buffer. The ChW16/17 peptide was applied to the plates in concentrations from 
1.25 ug/mL to 0.078 \ig/mL in two-fold dilutions. The bleed 1 serum was tested at four 
10-fold dilutions of 1:100 to 1:100,000 to determine whether a more dilute concentration 
of primary antibody would give a linear response. Because any aqueous solution is 
supposed to be sufficient to remove a nonionic detergent, milli-Q water alone was 
employed as the wash buffer with the inclusion of Tween-20 detergent. Two different 
blocking buffers were tested, 1% and 5% caseinate in PBS. BSA was no longer used 
because the laboratory stock of BSA, fraction V, contains phosphotyrosine which may 
non-specifically react in the assay. Caseinate was chosen because of its purity and 
smaller size, possibly allowing it to better block the sites than BSA would. Detergent 
was avoided in the blocking buffer because it can disrupt the hydrophobic interactions 
that bind coated proteins to the surface of the plastic because of interference with 
enzymatic activity which can reduce the signal. The secondary antibody was tested at 
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four two-fold dilutions from 1:5,000 to 1:40,000. No observable significant linear signal 
was detected. The standard ELISA protocol (Van Regenmortal et al. 1988) was 
abandoned in order to match, as much as possible, the proprietary method used by Alpha 
Diagnostics Inc. (San Antonio, TX). 
To follow the ELISA protocol by Alpha Diagnostics Inc. (San Antonio, TX) the 
following conditions were altered: antigen concentrations, coating buffer, wash buffer, 
wash time, blocking buffer, and blocking time. The ChW16/17 peptide was applied to 
the plates in concentrations from 0.625 u.g/mL to 0.039 ng/mL in two-fold dilutions, 
which are slightly lower concentrations than previously assayed. The antigen was coated 
in carbonate buffer, and tested at three pH values of 10, 7.3, and 5. The pH was varied 
because pH may affect the antigen protein binding to the plate. The protein being 
adsorbed binds best at a pH at or just above its pi to avoid electrostatic repulsion. The 
bleed 1 serum was tested at four 10-fold dilutions of 1:100 to 1:100,000 while the 
secondary antibody was tested at four two-fold dilutions from 1:10,000 to 1:80,000. The 
wash and blocking buffer were altered because imidazole buffered saline (IBS) increases 
the activity of HRP. The wash buffer contained 5% caseinate because high backgrounds 
may require protein in the wash buffer as well as the blocking buffer in order to lower the 
background. Additionally, the wash buffer did not contain any detergent because protein 
works better to disrupt both hydrophobic as well as hydrophilic interactions where as 
detergent only interrupts hydrophobic interactions. Thus, the wash buffer was the same 
as the blocking buffer. The wash time was increased to 5 minutes in order to allow the 
disruption of low affinity nonspecific interactions to come to equilibrium. The blocking 
time was also increased from 30 minutes to 2 hours at room temperature. While PBS as a 
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coating and blocking buffer appeared to work well, carbonate buffer at pH 7.3 appeared 
to work best. However, no significant linear response was observed above background 
level. Modification of the secondary antibody incubation time and temperature, from 1 
hour at 37 °C to 30 minutes at room temperature did not show any significant linear 
response above background. These exact conditions were also tested with the sera from 
the second animal host, which also did not demonstrate a significant linear response 
above background. 
To test whether the lack of signal above background could be attributed to 
difficulty of the ChW14 and ChW16/17 peptides binding to the plates, ELISAs were 
performed with protein extracts from E. coli and C. acetobutylicum. Crude E. coli lysates 
harboring the ChW14C-terminus or ChW16/17C-terminus over-expression plasmids and 
purified ChW14C-terminus or ChW16/17C-terminus proteins were tested. Total protein 
from E. coli was applied to the plates in concentrations from 10 p.g/mL to 0.098 |j,g/mL in 
two-fold dilutions. The antigenic proteins used were purified ChW14C-terminus, 
purified ChW16/17C-terminus, clarified lysate of ChW14C-terminus, and clarified lysate 
of ChW16/17C-terminus. The bleed 1 serum was tested at two dilutions of 1:1,000 and 
1:100,000 while the secondary antibody was tested at two dilutions of 1:10,000 and 
1:20,000. Likewise, I tested whether native ChW14 and ChW16/17 proteins from soluble 
and insoluble fractions of C. acetobutylicum over a timecourse (Table 2.4) would elicit a 
signal. Neither the signal/ background ratios nor the overall signal intensities improved. 
Total protein from C. acetobutylicum clarified lysates and cell pellets were applied to the 
plates in concentrations from 10 ug/mL to 0.098 ug/mL in two-fold dilutions. The OD 
values of sample harvesting is outlined in Table 2.4. The bleed 1 serum was tested at two 
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dilutions of 1:1,000 and 1:100,000 while the secondary antibody was tested at two 
dilutions of 1:10,000 and 1:20,000. None of these antigens elicited a significant linear 
response. 
In summary, a properly functioning antibody would give a proportionally linear 
response of signal intensity to peptide/ protein antigen bound to the plate and/ or 
secondary antibody used to detect the signal. The primary antibody from bleed 1 and 
bleed 2 from both animals was tested for both ChW14 and ChW16/17 and compared to 
preimmune serum as a control. Various dilutions of the primary antibody, the secondary 
antibody, and the antigen bound to the plate were used to test for a linear range of signal 
above background. The washing and blocking conditions were varied. Due to the 
multiple difficulties associated with this project, the aim to produce anti-ChW14 and anti-
ChW16/17 antibodies was discontinued and efforts were directed toward other clostridial 
experiments at this point. 
4.3.14 Using antisense RNA in an attempt to determine the physiological effect of 
ChW14 and ChW16/17 by their downreeulation 
The following is a description of an inconclusive experiment. A caveat of this 
experiment is that the ability of the antisense RNA constructs (described below) to 
downregulate the accumulation of ChW14 and ChW16/17 was never independently 
verified because functional anti-ChW14 and anti-ChW16/17 antibodies were never 
obtained. Two-dimensional gels were not used to quantitate the formation of ChW14 and 
ChW 16/17 because the commercial company (Genomic Solutions) that had performed 
the gels described in Chapter 3 had changed their research direction and such gels were 
no longer a financially viable option. 
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An alternative method to assess the functional role of ChW14 and ChW16/17 is to 
use antisense RNA to the chwl4 and chwl6ll 7 mRNA to significantly reduce the 
production of ChW14 and ChW16/17 proteins. This technique has been used previously 
with C. acetobutylicum (Desai and Papoutsakis 1999; Watrous et al. 2003) and molecular 
methods and vectors have been previously used in our laboratory (Scotcher and Bennett 
2005). After appropriate construction and verification of the anti-sense plasmids, they 
are introduced into the specific host strain and the transformed cells are examined for any 
phenotypes that differ from the phenotype of the wild type host. The specific antisense 
plasmids were constructed to express antisense RNA to chwl4 and chwl6/17, using the 
vectors and methods previously described (Desai and Papoutsakis 1999). Briefly, a 71 bp 
DNA fragment is synthesized and cloned into the antisense expression vector. From 5' to 
3' the fragment contains: 5 extra nucleotides that combined with an adjacent residue for 
the recognition sequence for a restriction site that will be used for cloning, 30 antisense 
nucleotides complementary to the first 10 codons of the open reading frame, 16 antisense 
nucleotides complementary to the region of the mRNA immediately upstream of the 
ATG start of the open reading frame that includes the normal ribosome binding sequence, 
17 bases of asRNA terminator structure to define the 3' end of the antisense RNA, and 
an additional 3 bases to complete the recognition of another restriction recognition site to 
be used for cloning purposes. This fragment is cloned into a plasmid for expression 
under the ptb promoter in C. acetobutylicum. The plasmid vectors used were those 
previously described (Desai and Papoutsakis 1999) which typically give a reduction of 
80-90% in levels of the targeted proteins when employed in a similar fashion. The 
antisense constructs were verified by DNA analysis. 
The phenotypes to be examined were chosen based on the likelihood that ChW14 
and ChW16/17 would play a functional role in transition events. Antisense RNA 
downregulation was used to assess whether ChW14 and ChW16/17 act in solvent 
production, provide structural integrity to cell morphology, or are important for spore 
production. Initial proteomic data (Chapter 3) suggested that chwl4 and chwl6/l 7 
required SpoOA for expression and their encoded proteins might be important at the 
transition stage where other SpoOA regulated proteins have an impact on cell physiology 
and morphology. Since SpoOA is required for solvent production (Ravagnani et al. 2000) 
and endospore formation (Durre and Hollergschwandner 2004), these specific processes 
were examined for possible phenotypes related to the presence of ChW14 and 
ChW16/17. Cell morphology was analyzed because ChW14 and ChW16/17 are 
putatively localized at the cell surface. The absence of these proteins might affect some 
of the visible cell structural changes that occur during the transition to solvent production 
such as loss of flagella, the appearance of a wider more puffy cell, or the appearance of 
filamentous cells or partial spores, as these features are occasionally observed in a few 
cells from wild type cultures. Therefore, solvent production and spore forming abilities 
were assessed. Because ChW14 and ChW16/17 both contain N-terminal signal 
sequences, they are predicted to be localized to the cell surface, thus, cell morphology 
was also examined for visible structural changes. Growth rates were also examined 
because of their ease of assessment. 
Comparison of the growth time course between the two antisense strains and the 
control strain reveals that the three strains grew almost identically and that no difference 
was found in the timing of solvent production or the levels of solvents produced. The 
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anti-sense strains appear to produce spores and have a generally similar appearance to 
cells of the control strain. No apparent gross morphological differences between the anti-
sense strains and the control strain were observed. It remains a possibility that the 
ChW14 and ChW16/17 proteins are not downregulated sufficiently to reveal a phenotype 
in the antisense strains. If these proteins are, indeed, downregulated they could be 
functionally redundant and thus reveal no phenotype, as there are 20 proteins containing 
ChW domains in C. acetobutylicum. Alternatively, the proteins may not be essential or 
the gene inactivation may not reveal any phenotype under the conditions examined. 
4.4 Discussion 
4.4.1 ChW domains 
It is interesting to speculate what physiological relevance the novel ChW 
protein family might have in C. acetobutylicum. The functional role these proteins play 
is yet unknown, but they may interact with other proteins or substances in the 
environment (Nolling et al. 2001). The high degree of amino acid similarity between 
ChW14 and ChW16/17 and the same encoded gene structure indicate that these proteins 
may provide analogous or redundant functions. The roles they play are likely to be 
specific to the unique physiology of C. acetobutylicum because proteins with these 
domains are largely limited to this microbe. Whereas little is known about the role of 
ChW proteins, one is known to be modified, i.e., ChW16/17, but the exact post-
translational modification remains unknown (Sullivan and Bennett 2006). While ChW14 
protein is the most closely related to ChW16/17, this protein is not apparently covalently 
modified (Sullivan and Bennett 2006). It remains unknown how many other ChW 
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proteins require post-translational modification for their activity, stability, or processing. 
ChW proteins contain N-terminal signal sequences suggesting a role on the cell surface. 
4.4.2 Characteristics of surface proteins in Gram-positive organisms 
The study of C. acetobutylicum surface proteins has been limited. Only the non-
cellulolytic partial cellulosome (Sabathe et al. 2002) and a few extracellular enzymes 
have been characterized: glycoside hydrolase (Lopez-Contreras et al. 2004), 
endoglucanase (Lopez-Contreras et al. 2003), muramidase (Croux et al. 1992), alpha-
amylase (Paquet et al. 1991), and metalloprotease (Croux et al. 1990). 
The surface proteins of many other Gram-positive bacteria have been extensively 
studied, especially the non-sporulating pathogenic Staphylococcus and Streptococcus 
genera. The functions of surface proteins in these bacteria studied are many-fold (for a 
review see Navarre and Schneewind 1999) and have common requirements. The surface 
proteins of Staphylococcus and Streptococcus have been well characterized and require 
an N-terminal signal peptide, a conserved LPXTG motif, and a C-terminal sorting signal 
for cell wall anchoring (Schneewind et al. 1992). However, the same requirements for a 
signal sequence, LPXTG motif, and sorting signal do not necessarily hold true for the 
sporulating Clostridia and bacilli. While N-terminal signal sequences may or may not be 
present, LPXTG motifs and C-terminal sorting signals are absent (Schneewind et al. 
1992). Regardless of the differences in surface proteins between non-sporulating and 
sporulating Gram-positive bacteria, the domain architectures of cell surface proteins are 
similar. 
The surface proteins of non-sporulating and sporulating bacteria are modular, 
harbor repeat elements, are cleaved proteolytically, and may contain a large percentage of 
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aromatic amino acids (Navarre and Schneewind 1999). The function of the repeating 
modules is either to bind to a target or substrate, to cleave the protein, or is unknown. 
For example, the toxin proteins of the sporulating bacterium Clostridium difficile, TcdA 
and TcdB, are not synthesized with an N-terminal signal sequence (von Eichel-Streiber et 
al. 1996) and are secreted from the cell in an unknown manner. TcdA and TcdB contain 
C-terminal 30-residue tandem repeats which target eukaryotic cells (Sauerborn et al. 
1997) by binding to specific carbohydrate compounds (Krivan and Wilkins 1987; Tucker 
and Wilkins 1991). These C-terminal repeats may also be essential participants in the 
processing of the toxin proteins to their mature and active form. Among the 
uncharacterized repeat structures with targeting elements, aromatic amino acids (W, Y, 
and F) are found regularly (Wren 1991). The aromatic residues may serve as stacking 
devices for the interaction with carbohydrate ring structures, as has been observed for 
sugar binding proteins in the periplasm of Gram-negative bacteria (Wren 1991), but this 
function has yet to be demonstrated. 
The two proteins examined in detail in this study, ChW14 and ChW16/17, have 
all the characteristics to be genuine surface proteins in C. acetobutylicum in that they 
both contain functionally uncharacterized repetitive ChW modules with a large number 
of aromatic residues. Moreover, ChW16/17 is cleaved in vivo at its N-terminus when this 
protein was his-tagged at the N-terminus and expressed in E. coli (data not shown), thus 
demonstrating a functional signal sequence. Although, no phenotype was observed in 
these experiments, I pursued other genetically based studies to correlate with the larger 
picture of transcriptional regulation that is emerging about C. acetobutylicum. 
Exploration of such features of chw gene expression might allow grouping of the 
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expression pattern with those of known genes and other genes encoding ChW proteins. 
Such information might also be useful in eventual functional studies. 
4.4.3 Correlation between gene expression and protein accumulation 
The protein accumulation pattern of both ChW14 and ChW16/17 in wild type 824 
(Sullivan and Bennett 2006) agrees well with the gene expression data, as determined by 
reporter expression, primer extension time course, and microarray analysis (this study). 
ChW14 increases in abundance during growth, especially at the end of exponential phase. 
At the transition from exponential to stationary phase ChW 14 levels peak. By late 
stationary phase little ChW14 protein is detected (Sullivan and Bennett 2006). The 
chwl4 promoter is most active during mid-exponential phase and is largely shut-off by 
the transition to stationary phase (Figure 4.4A). A primer extension time course (data not 
shown) also indicated that transcripts are detected from mid-exponential phase until the 
transition to stationary phase. The microarray data for chwl4 indicates that this gene is 
exponentially active. Transcripts for chwl4 are detected during early, as well as late, 
stationary phase at the same level. 
The ChW16/17 protein accumulation pattern is similar to that of ChW14. Both 
isoforms of ChW16/17 increase during growth but especially accumulate during 
stationary phase with the ChW16 isoform being more abundant than the ChW17 isoform 
(Sullivan and Bennett 2006). The P-galactosidase reporter expression result for 
chwl6/17 is similar in timing and strength to the promoter of the corresponding chwl4 
construct. The primer extension time course (data not shown) indicates a similar timing 
of transcript detection to that of chwl4, with just a slightly earlier detection of transcripts 
from early-mid-exponential phase until the transition to stationary phase. The pattern of 
ChW14 and ChW16/17 protein accumulation can be explained by the different stability 
of the protein and mRNA encoding the corresponding protein. The ChW14 and 
ChW16/17 proteins remain detectable (Table 3.3) much later than when the promoters 
are active (Figure 4.4A) or the transcripts are detected. The microarray data for 
chwl6/17 show that this gene is expressed most highly during exponential phase and has 
low levels of transcripts detected at late stationary phase when its promoter is shut-off. 
Thus, chwl6/l 7 may have shorter lived transcripts than chwl4 at this late stage. 
4.4.4 Concluding remarks 
This ChW project expanded in scope during this investigation as various 
approaches to define the function of the ChW were explored. While a specific role for 
these proteins remains undefined, some information was obtained concerning gene 
expression and common protein features of this group. A due diligence approach has 
been taken at exploring possibilities for establishing the role of ChW proteins in the 
physiology of C. acetobutylicum. These studies involved multiple expression and 
purification attempts as well as the application of antibodies generated from chemically 
synthesized peptides. I anticipate that future studies into this family would be best served 
by generating antibodies from particular protein fragments that can be readily solubilized, 
and using such reagents to define their localization in the cell and their interaction 
partners as laid out in the original aims of this study. 
In summary, this study determined the expression pattern and promoters of two 
genes, chw!4 and chwl6/l 7, belonging to a family specific to C. acetobutylicum. 
Furthermore, this study portrays a detailed analysis of the relationships among all 
members of the protein family using phylogenetics and structure predictions. Moreover, 
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this study illustrates a number of different methods that can be utilized to analyze a 
family of proteins and the genes that encode them. 
Chapter 5 - Local structural features of the butyrate kinase isozymes in 
C. acetobutylicum distinguish their enzymatic properties 
5.1 Introduction 
Acetyl-CoA is a central intermediate of metabolism. Acetyl-CoA conversion to 
acetate in prokaryotes is coupled to energy generation in the form of ATP by substrate 
level phosphorylation. Acetyl-CoA conversion to acetate is a two reaction process and 
these two reactions (1 and 2) are catalyzed by the enzymes phosphotransacetylase (PTA) 
and acetate kinase (AK). Likewise, butyryl-CoA is also a central intermediary molecule. 
Analogous reactions, in some organisms, are carried out for the formation of butyrate 
coupled with ATP generation (3 and 4) by phosphotransbutyrylase (PTB) and butyrate 
kinase (BK). In C. acetobutylicum cellular energy is generated by both reaction 
pathways, utilizing both an acetate and a butyrate phosphotransferase and kinase. 
l)CH3COCoA + Pi <=> CH3COPO43" + CoA 
acetyl-CoA PTA acetyl-P 
2)CH3COP043" + ADP <=> CH3COO" + ATP 
acetyl-P AK acetate 
3) CH3CH2CH2COC0A + Pi <=> CH3CH2CH2COPO43" + CoA 
butyryl-CoA PTB butyryl-P 
4) CH3CH2CH2COPO43" + ADP <=> CH3CH2CH2CCXX + ATP 
butyryl-P BK butyrate 
In addition to acyl-CoA molecules, another group of important intermediaries in 
cellular metabolism is acyl-phosphates. Acetyl-phosphate donates its phosphate group to 
enzyme I of the phosphoenolpyruvaterglucose phosphotransferase system in E. coli and 
Salmonella typhimurium (Fox et al. 1986), to periplasmic binding proteins (Hong et al. 
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1979), and to response regulators of two-component systems (McCleary et al. 1993). 
Moreover, acetyl-phosphate has been implicated as a global regulatory signal in E. coli 
(McCleary et al. 1993; Wanner and Wilmes-Riesenberg 1992). 
Butyryl-phosphate is a direct metabolic precursor of butyrate and ATP 
production. Butyryl-phosphate is implicated as a trigger for solventogenesis (Harris et al. 
2000). Butyryl-phosphate, in C. acetobutylicum, may serve a role analogous to that of 
acetyl-phosphate, in E. coli, in phosphorylating response regulators of two-component 
systems. A regulator of this type, SpoOA, has been discussed previously in this thesis and 
controls the expression of solvent formation genes in C. acetobutylicum. Butyryl-
phosphate levels, but not acetyl-phosphate levels, peak at a time coincident with the 
initiation of butanol formation (Zhao et al. 2005). Similarly, a high concentration of 
butyryl-phosphate correlates with a downregulation of flagellar genes and an 
upregulation of stress genes in addition to the previously mentioned upregulation of 
solvent formation genes (Zhao et al. 2005). The increased expression of stress and 
solvent genes and the decreased expression of flagellar genes are known changes 
associated with the transition from acidogenic growth to the solventogenic phase (Zhao et 
al. 2005). It has been speculated that butyryl-phosphate may function by donating 
phosphoryl groups to global regulators of solventogenesis, such as SpoOA, or to kinases 
acting on SpoOA (Zhao et al. 2005). 
Butyryl-phosphate is formed from butyryl-CoA by the action of PTB. Butyryl-
phosphate is then converted to butyrate by butyrate kinase (BK). C. acetobutylicum 
encodes two butyrate kinase genes, buk and bukll. The gene encoding the primary 
butyrate kinase, buk, is encoded in an operon with the ptb gene (Walter et al. 1993), and 
another separate gene encodes bukll (Huang et. al. 2000). The expression of the primary 
buk has been examined by microarray analysis performed in the laboratory of our 
collaborator E. T. Papoutsakis, but bukll was not included in any of the expression 
studies performed. The expression of the primary buk operon, consisting of the genes 
encoding both the phosphotransbutyrylase (PTB) and the butyrate kinase (BKI), ptb-buk, 
was initially characterized by a timecourse microarray experiment in wild type and later 
compared in between wild type and M5, the solvent-deficient strain (Alsaker and 
Papoutsakis 2005; Tomas et al. 2003a). The butyrate formation genes were upregulated 
at the transition to stationary phase in wild type (Alsaker and Papoutsakis 2005) and 
during stationary phase in M5 (Tomas et al. 2003a) and gradually declined during the 
extended solvent phase. In two experiments to determine which genes encode butanol 
tolerance, groESL and spoOA were separately over-expressed and cultures of the strains 
were challenged with butanol. The butyrate formation genes were upregulated after the 
challenge in both strains (Alsaker et al. 2004; Tomas et al. 2004). These data suggest that 
ptb and buk genes may enhance butanol tolerance. 
The primary buk was inactivated in order to determine the processes in which 
butyrate kinase I (BKI) is involved and a number of studies of the buk disrupted strain 
were conducted (Green et al. 1996). The resulting strain had perturbations in butyrate 
kinase activity, butyrate and butanol production, and cell growth. The buk inactivation 
strain displayed a decrease in BKI activity to one-fifth the wild type value with 
concomitant small increases in PTA, AK, and PTB activities. Subsequently, little 
butyrate (37mM), but high levels of acetate (149mM) were formed. Butanol production 
began very early, i.e., during exponential phase, instead of at the transition to stationary 
phase. Butanol levels were 10% greater (146mM) than wild type levels. The buk 
inactivation strain grew slower but to a higher biomass than wild type. 
Both butyrate kinase isozymes in C. acetobutylicum, have been purified and their 
enzymatic properties have been characterized (Hartmanis 1987; Huang et al. 2000). The 
respective features of BKI and BKII are outlined in Tables 5.1 and 5.6. In short, BKI has 
a wide substrate range and binds butyrate very tightly while BKII has a much more 
limited substrate range, with a lower binding affinity. 
No crystal structures are available for any n-butyrate kinases, such as BKI and 
BKII. Therefore, acetate kinase and propionate kinase are used as the prototypes for 
structural comparison. In instances where more than one type of kinase (i.e., butyrate, 
acetate, or propionate) is indicated these are referred to carboxylate kinases, as each 
enzyme is a kinase for a particular carboxylic acid substrate. Acetate kinase from 
Methanosarcina thermophila (MAK) and propionate kinase of Salmonella typhimurium 
(TdcD) are part of the acetate and sugar kinase/ Hsc70/ actin (ASKHA) superfamily of 
phosphotransferases, based on the structural fold of the core domain and the presence of 
five putative nucleotide and metal binding motifs (Simanshu et al. 2005). Some relevant 
ASKHA kinase features are listed in Table 5.1. The core domain of the ASKHA 
enzymes contains a duplicated PPPapa(3a secondary structure with subdomain insertions 
(Hurley 1996). 
The putative nucleotide and metal binding motifs in ASKHA members are called 
phosphate-1, phosphate-2, connect-1, connect-2, and adenosine (Simanshu et al. 2005). 
In MAK, the phosphate-1 motif has been implicated in binding the nucleotide 
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P-phosphate and consists of amino acid residues 4-14 (Pettigrew et al. 1998; Zeng et al. 
1996; Zeng and Fromm 1995). Amino acid residue N7 is essential for activity, while 
S10, SI2, and K14 have important but non-essential roles in catalysis. The latter three 
residues may orient the polyphosphate in a catalytically competent manner. The 
phosphate-2 motif, comprised of residues 207-216, has been proposed to bind the ATP y-
phosphate. The backbone amides, rather than the functional groups, of N211 and G212 
hydrogen-bond to the polyphosphate (Buss et al. 2001; Miles et al. 2001). Conserved 
alanine and glycine residues in the connect-1 and connect-2 motifs have been proposed to 
form key contact points between these two motifs (Holmes et al. 1993; Hurley 1996). 
The connect-1 motif consists of residues 145-154. D148 is essential for acetate kinase 
activity because the carboxyl of aspartate functions in base catalysis or metal binding 
(Bork et al. 1992; Kraakman et al. 1999; Lange et al. 1991; Miles et al. 2001; Pettigrew et 
al. 1998). The connect-2 motif consists of residues 380-389. E384 is essential for 
catalysis and is implicated in magnesium binding. Likewise, N7 of the phosphate-1 
motif, is also implicated in catalysis and magnesium binding roles, but to a lesser extent. 
N7 and E384 are within 7 angstroms of each other in the active site cleft, consistent with 
these residues forming a metal coordination pocket (Buss et al. 2001), despite the lack of 
a metal ion detectable in the crystal structure. 
A solvent-accessible hydrophobic substrate-binding pocket is present in ASKHA 
members. In MAK, the pocket was determined to bind the methyl group of acetate, 
influence substrate specificity, and orient the carboxyl group (Ingram-Smith et al. 2005). 
Residues V93, L122, F179, and P232 in the active site cleft form the pocket. Kinetic 
analyses of hydrophobic pocket variants demonstrated that the pocket has a role in 
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acetate binding and substrate specificity (Ingram-Smith et al. 2005). Substrates are 
specified by the size of the hydrophobic pocket, especially by V93 in the floor of the 
pocket (Ingram-Smith et al. 2005). The conserved F179 contributes to domain movement 
and has a role in catalysis (Ingram-Smith et al. 2005). Sequence alignments of acetate 
kinase, propionate kinase, and butyrate kinase suggest that these enzymes have similar 
catalytic mechanisms and carboxylic acid substrate binding sites (Ingram-Smith et al. 
2005). 
These ASKHA kinases couple the large conformational closure of the two 
domains around the active site cleft with ATP phosphoryl transfer (Buss et al. 2001). 
The domain movement is a common characteristic of this superfamily of 
phosphotransferases and is important for catalysis. Domain closure brings the active site 
residues into close proximity to the bound substrate, positions the reactants, and shields 
the reaction intermediates from solvent. 
5.2 Rationale of Methods 
This current study was undertaken in order to investigate important residues in 
BKJI. The role of particular amino acids within the protein was assessed by genetic 
replacement to create enzymatic variants. Enzyme activity was measured as a means to 
monitor the differences generated with genetic replacements relative to each other variant 
and to the wild type. A structural model, based on the prototypical carboxylate kinase, 
MAK, is used to explain these differences in specific activity observed in the altered 
purified proteins. The genome arrangement of butyrate and acetate kinase genes among 
various prokaryotic species is also assessed to determine the commonality of encoding 
multiple isozymes of carboxylate kinases and to determine the arrangement of those 
genes in probable operons. 
5.3 Results 
This study was undertaken to investigate the second butyrate kinase in C. 
acetobutylicum. Only one report exists which describes its validation as an authentic 
enzyme and its kinetic characterization (Huang et al. 2000). Structural studies on 
butyrate kinases, in general, remain an underdeveloped area. In contrast to the dearth of 
information on butyrate kinase structures, the structural features of acetate kinase of M 
thermophila (MAK) and propionate kinase of S. typhimurium (TcdD) are well 
characterized with recent crystal structures being reported after my mutagenesis work 
was originated (Aceti and Ferry 1988; Buss et al. 1997; Ingram-Smith et al. 2005; 
Simanshu et al. 2005). The MAK and TcdD kinases were used as the prototypes for the 
structural analyses on BKII, since all belong to the same ASKHA superfamily and 
because of the recently available wealth of structural information on MAK and TdcD. 
5.3.1 Butyrate kinase II variants created 
The residues altered were chosen based on amino acid sequence alignment for 
acetate, propionate, and butyrate kinases showing absolute conservation at two critical 
arginine and two critical histidine residues and a high degree of similarity at two 
glutamate residues. Histidines, arginines, and glutamates were chosen because these 
amino acids have been previously identified as important to the catalytic mechanism in 
MAK (Ingram-Smith et al. 2000; Singh-Wissmann et al. 1998; Singh-Wissmann et al. 
2000). Positively charged histidines are likely to serve as phosphorylation sites during 
catalysis. Likewise, the positive charge of arginine residues present in the active site is 
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proposed to stabilize the transition state during phosphoryl transfer. The negative charge 
of glutamate was once postulated to serve as a phosphorylation site during catalysis 
(Singh-Wissmann et al. 1998) but newer data have suggested that it serves as a metal 
coordination site that chelates the divalent cation of the metal-nucleotide complex (Miles 
etal.2001). 
Six charged amino acid residues in BKII (R150, H155, H183, R215, E332, and 
E334) were changed to either two or three other residues (Figure 5.1). A global view 
(Figure 5.1A) and two perspectives of a local view (Figure 5.IB and C) of the amino acid 
residues altered in the mutagenesis study are illustrated. The illustrations were generated 
from a threaded structure based on the crystal structure of the related MAK enzyme (see 
section 5.3.4). Four (R150, H155, H183, and R215) of the six residues are located in the 
general vicinity of the ATP and acid binding sites, while two residues are further away 
(E332 and E334) (Figure 5.1 A). These alterations made were designed to include both 
conservative (R to K and E to D), semi-conservative (H to Q and E to Q), and non-
conservative (R to F, H to L, and E to L) changes. The BKII variants generated and their 
specific activities are listed in Table 5.2. Each individual residue alteration is shown 
superimposed on the wild type residue in its local environment with the ATP and acid 
placeholders illustrated in Figures 5.2D-I. 
5.3.2 Expression of wild type bukll and variants and protein purification 
In order to create BKII variants the bukll gene was cloned on an expression 
plasmid (Huang et al. 2000) and mutated by a standard PCR based mutagenesis method. 
The wild type and variant bukll genes were expressed under control of a T7 promoter in 
E. coli, with a thioredoxin fusion tag to enhance protein solubility, and a his tag for facile 
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Figure 5.1 Amino acid residues mutated in BKII. In all figures, AMPPNP (multi-colored), ethylene glycol 
(EDO) (multi-colored), and the highlighted residues are drawn as ball-and-stick models. (A) Global view 
of the ribbon diagram of one monomer with the wild type residues that were mutated shown in yellow. (B) 
Local view of the ribbon diagram of one monomer with the wild type residues that were mutated shown in 
yellow. (C) Local view of the ribbon diagram of one monomer with the wild type residues that were 
mutated shown in yellow. (D) Local view of the ribbon diagram of one monomer with the wild type R150 
residue (yellow) and the two amino acids that it was changed to, Lys and Phe (both aqua) in BKII. (E) 
Local view of the ribbon diagram of one monomer with the wild type H155 residue (yellow) and the two 
amino acids that it was changed to, Gin and Leu (both aqua) in BKII. (F) Local view of the ribbon diagram 
of one monomer with the wild type HI 83 residue (yellow) and the two amino acids that it was changed to, 
Gin and Leu (both aqua) in BKII. (G) Local view of the ribbon diagram of one monomer with the wild 
type R215 residue (yellow) and the two amino acids that it was changed to, Lys and Phe (both aqua) in 
BKII. (H) Local view of the ribbon diagram of one monomer with the wild type E332 residue (yellow) and 
the three amino acids that it was changed to, Gin (aqua), Leu (orange), and Asp (purple) in BKII. (I) Local 
view of the ribbon diagram of one monomer with the wild type E334 residue (yellow) and the three amino 
acids that it was changed to, Gin (aqua), Leu (orange), and Asp (purple) in BKII. Images generated by 
Mary Susan Cates, Rice University. 
purification. The proteins were purified as previously described (Huang et al. 2000) 
using a nickel column. The wild type and variant BKII proteins were purified in a single 
step to apparent homogeneity (Figure 5.2). An aliquot of the purified protein samples 
was subjected to SDS-PAGE for determination of homogeneity and size of the monomer, 
as SDS denatures proteins to their monomelic structure. Figure 5.2 illustrates that the 
kDa 1 2 3 4 5 6 7 8 9 10 
21 
13 f 
82 
40. 
32. 
18 
7.2 
Figure 5.2. SDS-PAGE analysis of purified eluate of BKII and variants M1-M8. Proteins M9-M14 are not 
shown for brevity. Samples were analyzed by electrophoresis on a 12% polyacrylamide gel. The resulting 
gel was stained with Coommassie blue R-250. Lane 1, Kaleidoscope prestained standard (Bio-Rad); lanes 
2-9, purified proteins M1-M8 (5 ug), respectively; lane 10, purified His-tagged BKII-thioredoxin fusion 
protein (5 \ig). 
purified BKII and variant proteins were visible at the same position, indicative that they 
were the same size and appeared on the gel as a single prominent band indicating high 
purity of the preparations. The native molecular weight of a monomer of BKII without 
any tags is 42 kDa. The thioredoxin tag is approximately 12 kDa and the his tag is about 
0.5 kDa. The BKII proteins (Figure 5.2) with the thioredoxin and his fusion tags were 
observed on the gel at approximately 60 kDa (Huang et al. 2000), which correlates 
reasonably well with the expected total weight of approximately 55 kDa. 
5.3.3 Specific activities of wild type BKII and variants 
Six charged residues were mutated to create a total of 14 variant BKII enzymes. 
Some of the BKII residues altered in this study corresponded to residues that were 
subsequently identified as important for enzymatic function in MAK and/ or TdcD. The 
locations of the amino acids altered, in relation to the carboxylate substrate binding site 
(occupied by ethylene glycol in the diagram), are shown in Figures 5.1 A-I. The effect of 
altered residues in the vicinity of the substrate and active site was assessed by monitoring 
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the specific activities of the variants relative to wild type BKII. Both conservative and 
non-conservative amino acid residue changes resulted in essentially no detectable enzyme 
activity for H155, H183, R215, and E334 (Table 5.2), indicating that these residues are 
critical for the enzymatic activity of BKII. A lysine substitution for arginine at position 
150 retains 21% of BKII activity while substitution with an aromatic ring in variant 
R150F completely ablates activity, indicating that conservation of a positive charge is 
important at this residue. Retention of a polar or negatively charged residue can 
somewhat accommodate the requirement for glutamate at position 332, as seen in 
examination of the activities of variants E332Q and E332D. However, substitution of an 
uncharged aliphatic chain eliminates BKII activity, as demonstrated by the activity 
observed for E332L. 
5.3.4 Models of butyrate kinase II three-dimensional structure 
To examine the global and local three-dimensional structures of the BKII enzyme 
in comparison to BKI for features that could explain the differences in enzymatic 
properties between these two isozymes, three-dimensional models were created. Each 
butyrate kinase sequence was separately threaded onto the crystal structure of MAK 
(threading performed by Mary Susan Cates using Geno3D (Combet et al. 2002)). To 
better visualize the substrate binding and catalytic sites, the models were created with a 
non-hydrolyzable ATP analog, AMPPNP, and an acid substrate ligand place-holder, 
ethylene glycol, EDO. EDO is located in the site of the carboxylate substrate, as found in 
the TdcD crystal structure. AMPPNP and EDO were superimposed onto the MAK 
structure. To determine whether BKII forms the same global structure as crystallized 
ASKHA members the BKII dimer model was created and is shown with its ligands 
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Figure 5.3. Model of butyrate kinase II. Ribbon diagram of the three-dimensional structure of the 
homodimeric butyrate kinase II is shown in complex with AMPPNP and EDO. Each subunit colored 
differently. The AMPPNP (multi-colored) and EDO (multi-colored) ligands are drawn as ball-and-stick 
models. Image generated by Mary Susan Cates, Rice University. 
(Figure 5.3). The BKII model shows remarkable similarity to the TdcD crystal structure 
(Simanshu et al. 2005). To determine whether any areas of global variation exist between 
BKI and BKII structures the two structures were overlaid (Figure 5.4A). The BKI and 
BKII structures overlay well with each other indicating that no large scale global feature 
exists that underlies the enzymatic differences between BKI and BKII. 
Because no striking difference in global features of the BKI and BKII was 
apparent in the overlay to potentially explain the enzymatic differences between the two 
enzymes, the amino acid sequence alignment was scrutinized for local areas to 
structurally examine more closely. At positions 256-258 BKII has residues NAL (Figure 
5.4B and C) while at the analogous positions, BKI (Figure 5.4B and C) and other 
carboxylate kinases have a conserved D at 256, in place of N, and a conserved R at 258, 
where L is located. In most carboxylate kinases, the middle residue is an aliphatic amino 
acid. Specifically, in these analogous positions, TdcD has DLR (positions 278-280), 
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MAK has DFR (positions 283-285), and BKI has DFK (positions 255-257). Figure 5.4B 
and C show the NAL of BKII and the DFK of BKI overlaid with their proximity to the 
ATP analog illustrated. The aspartate residue in the first position makes critical contacts 
with the C2' oxygen of the ribose sugar while the positively charged arginine or lysine at 
the third position forms cation-Ti and n-n or cation-rc and hydrogen bonds, respectively, 
with the adenine ring structure of ATP. The interactions at this location, specifically with 
arginine of MAK, have been reported to influence both ATP and carboxylic acid binding, 
but with a more critical role in carboxylic acid binding than in ATP binding (Singh-
Wissmann et al. 2000). These residue differences between BKI (containing DFK) and 
BKII (containing NAL) may explain the substrate binding differences between the two 
isozymes. Specifically, such a change, as is found in the atypical BKII enzyme, could 
cause reduced stability of substrate binding resulting in an enzyme with decreased ability 
Figure 5.4. BKI and BKII monomers overlaid indicating the catalytic binding sites. (A) BKI, blue; BKII, 
gold. AMPPNP (multi-colored), EDO (multi-colored), BKI catalytic residues and BKII catalytic residues 
shown as ball-and-stick models. (B) AMPPNP, BKI residues D255, F256, and K257 (green), and BKII 
residues N256, A257, and L258 (aqua) highlighted as ball-and-stick models. Carbon, gray; oxygen, red; 
nitrogen, blue; phosphate, orange. (C) AMPPNP (multi-colored), BKI residues D255, F256, and K257 
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(green), and BKII residues N256, A257, and L258 (aqua) highlighted as ball-and-stick models. Carbon, 
gray; oxygen, red; nitrogen, blue; phosphate, orange. Images generated by Mary Susan Cates, Rice 
University. 
to carry out the phosphorylation reaction. 
Because the size of the substrate binding pocket determines the enzyme 
specificity for the substrate as previously described (Simanshu et al. 2005), and because 
differences are apparent in the amino acid alignment of the n-butyrate kinases, e.g., BKI 
and BKII, as compared with other carboxylate kinases, the pocket was visualized with 
model structures (Figure 5.5). It is clear from the model structure in Figure 5.5 that the 
hydrophobic binding pocket appears to be where the acid substrate binds since it is where 
the substrate analog EDO is located. It is reasonable to propose that the size of the 
pocket would determine the specificity of the enzyme for larger or smaller substrates, 
such as the difference in specificity between the acetate kinases and butyrate kinases. 
The substrate binding pocket of TdcD is comprised of A88, LI 17, HI 18, F174, and P227. 
The analogous residues in BKI are G73, G102, N103, F153, with the final proline 
missing, while the analogous residues in BKII are G74, G103, El04, F154, also missing 
the last proline. The difference of El 04 in BKII and N103 in BKI may be of significance 
in the broader substrate specificity differences between these two enzymes. The effect of 
this residue could be investigated by further experiments. Noteably, in MAK the salient 
size determinant residue is V93, whereas in TdcD it is A88, and in the BKs the residues 
are glycines, G73 and G74. 
5.3.5 Genome arrangements of genes encoding butyrate kinases from relevant organisms 
158 
Figure 5.5. Hydrophobic binding pocket of TdcD overlaid with BKII residues. Local view of the ribbon 
diagram of the three-dimensional structure of the TdcD propionate kinase (PK) is shown in a complex with 
AMPPNP and EDO. The highlighted residues and AMPPNP (multi-colored) and EDO (multi-colored) 
ligands are drawn as ball-and-stick models. TdcD residues, orange; BKII residues, green. Carbon, gray; 
oxygen, red; nitrogen, blue; phosphate, orange. Images generated by Mary Susan Cates, Rice University. 
To determine how common it is for an organism to harbor multiple isozymes of 
carboxylate kinases a BLAST search of 20 clostridial as well as T. maritima, 
M. thermophila, and 3 S. typhimurium genomes revealed that many species contain 
multiple genes coding for acetate, butyrate, and/ or propionate kinases (Table 5.3). In 
addition to clostridial genomes, the other organisms are relevant because crystal 
structures have been reported on their ASKHA carboxylate kinases (Buss etal. 2001; 
Diao etal. 2003; Simanshu et al. 2005). Carboxylate kinases for which a crystal structure 
exists were considered in this examination of genome organization because the ASKHA 
family is defined by structural folds not sequence identity. After determining that many 
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organisms contain multiple genes encoding carboxylate kinases, the genomic 
arrangement of these genes was determined. Specifically, I examined whether each gene 
encoding a carboxylate kinase was proximal to a gene encoding a phosphotransferase 
within individual genomes. Such an arrangement would suggest that the kinase acts in 
the main metabolic pathway of the organism, as this arrangement, pta-ack or ptb-buk, is 
found for the primary metabolic genes of many known systems (Table 5.4). The buk 
gene of C. acetobutylicum is juxtaposed with the ptb gene while the secondary bukll gene 
exists without a corresponding adjacent ptb gene. Throughout the clostridial genus, as 
well as in T. maritima, S. typhimurium, and M. thermophila species it appears common 
that ack or buk are equally likely to be in an operon with a gene for phosphotransferase or 
as a single unpaired gene configuration. 
T. maritima and C. botulinum have a unique arrangement with a gene for 
phosphotransbutyrylase located between two genes for butyrate kinase. In T. maritima, 
216 base pairs are between the most 5' buk and ptb while 5 base pairs are between/>rf> 
and the most 3' buk. This arrangement suggests that PTB acts with BK encoded by the 
most 3' buk gene. From inspection of the genome it is not clear which BK is working in 
conjunction with the PTB in the C. botulinum species. In both C. botulinum strains 7 
base pairs lie between the most 3' buk and ptb; and 29 base pairs are between the most 5' 
buk and ptb. While a 7 base pair difference may suggest that the 3' buk encodes the 
primary BK and would be typical for an operon structure, 29 base pairs is also 
sufficiently close for an operonic arrangement. In almost all phosphotransferase -
carboxylate kinase gene pairs the gene for phosphotransferase is 5' to the carboxylate 
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kinase gene. Notable exceptions are the gene pairs in C. difficile and S. typhimurium. In 
these organisms, the kinase gene is upstream of the phosphotransferase gene. 
As mentioned previously, T. maritima and C. botulinum encode a buk-ptb-buk 
arrangement. In T. maritima, one gene encodes an isobutyrate kinase while the other buk 
encodes an n-butyate kinase. I speculated that the same may hold true for the functional 
arrangement of the cluster in C. botulinum. To test this hypothesis I compared sequence 
identities of the two BK proteins in C. botulinum with the isobutyrate kinase of T. 
maritima and with the n-butyrate kinases of C. acetobutylicum. The sequence identity of 
the two BK proteins, in C. botulinum, with the known isobutyrate kinase from T. 
maritima, encoded by TM1756, was 48% and 55%. The sequence identity of the two BK 
proteins, in C. botulinum, with an n-butyrate kinase, BKI, from C. acetobutylicum, was 
52% and 71%. The sequence identity of both BK proteins, in C. botulinum, with another 
n-butyrate kinase, BKII, from C. acetobutylicum, was 52% and 67%. These analyses 
suggest that at least one BK enzyme from C. botulinum is an n-butyrate kinase like those 
of C. acetobutylicum, since they share high amino acid identity (approximately 70%). 
The lower identity (approximately 50%) of the BKs from C. botulinum with the 
isobutyrate kinase of T. maritima is of limited value in assigning a possible function. 
Since other isobutyrate kinases have not been independently shown, it is difficult to gain 
further support for a more definitive conclusion if the other BK may be an isobutyrate 
kinase from this datum alone. 
Moreover, the V93 residue, which is the main determinant of substrate specificity 
in MAK, is a serine residue in the analogous position in the sequence of the isobutyrate 
kinase, BK2, of T. maritime, glycine in the n-butyrate kinases BKI and BKII of C. 
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acetobutylicum, and glycine in both BKs of C. botulinum. Since the salient residue for 
substrate specificity is glycine for both BKs of C. botulinum, it appears that despite the 
analogous genomic arrangement of C. botulinum with T. maritima, both BKs of C. 
botulinum may be n-butyrate kinases. 
Some organisms have been experimentally analyzed and the functional operon 
arrangements determined based on protein work: ptb-buk in C. acetobutylicum (Walter et 
al. 1993), pta-ack of C. acetobutylicum (Boynton et al. 1996a), ack-pta ofS. typhimurium 
(Van Dyk and LaRossa 1987), pta-ack of M. thermophila (Singh-Wissmann and Ferry 
1995), m&pduW\s part of a 21 gene operon in S. typhimurium (Palacios et al. 2003). All 
examined organisms with a gene annotated as a carboxylate kinase also have an adjacent 
gene encoding a phosphotransferase, i.e., pta-ack or ptb-buk. Therefore, all these 
organisms putatively have a phosphotransferase/ kinase metabolic pathway. 
Additionally, PTA can presumably work in conjunction with TdcD, a propionate kinase, 
to form propionate in S. typhimurium (Simanshu and Murthy 2005) since PTA was 
determined to act to a limited extent on propionate in E. coli (Hesslinger et al. 1998). 
5.4 Discussion 
The number of acetate, butyrate, and propionate kinases in genomes considered in 
this study are tabulated (Table 5.5). Crystal structures are available only for a select few 
carboxylate kinases. All carboxylate kinases considered are dimers of approximately the 
same subunit size, with the exception of BK2 from T. maritima, which is an octamer. 
BK2 of T. maritima is an isobutyrate kinase (Diao et al. 2003), rather than an n-butyrate 
kinase like BKI and BKII of C. acetobutylicum. The two butyrate kinase isozymes of 
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Table 5.5. Number of carboxylate kinases present in the genome databases of Clostridia 
and organisms with a published crystal structure of a carboxylate kinase 
Organism AK" BKD PKD 
Thermotoga maritima MSB8 
Methanosarcina thermophila 
Salmonella typhimurium LT2 
Salmonella enterica subsp. enterica 
serovar Typhi str. CT18 
Salmonella enterica subsp. enterica 
serovar Typhi str. Ty2 
Clostridium acetobutylicum ATCC 824 
Clostridium beijerinckii NCIMB 8052 
Clostridium botulinum A str. ATCC 3502 
Clostridium botulinum F str. Langeland 
Clostridium tetani E88 
Clostridium perfringens ATCC 13124 
Clostridium perfringens str. 13 
Clostridium perfringens SM101 
Clostridium difficile 630 
Clostridium difficile QCD-32g58 
Clostridium bolteae ATCC BAA-613 
Clostridium cellulolyticum H10 
Clostridium sp. L2-50 
Clostridium phytofermentans ISDg 
Clostridium novyi NT 
Clostridium leptum DSM 753 
Clostridium kluyveri DSM 555 
Clostridium thermocellum ATCC 27405 
2 
1 
T 
2a 
2a 
1 
1 
1 
1 
1 
2 
3 
2 
1 
4 
2 
1 
1 
1 
1 
2 
1 
1 
2 
0 
0 
0 
0 
2 
3 
2 
2 
1 
1 
1 
1 
3 
3 
3 
0 
1 
0 
0 
0 
0 
0 
0 
0 
3a 
2a 
2a 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
PKs of the 3 S. typhimurium species are annotated as dual kinases capable of accepting both 
acetate and propionate as substrates. Each AK/PK is listed as both an AK as well as a PK 
AK, acetate kinase; BK, butyrate kinase, PK, propionate kinase; based on protein sequence 
BLAST data using butyrate kinase II of Clostridium acetobutylicum as the query against 20 
Clostridial, 3 Salmonella typhimurium, Thermotoga maritima, and Methanosarcina thermophila 
databases. The assigned kinases are either annotated as that kinase or as a hypothetical protein 
with significant sequence similarity to that kinase 
C. acetobutylicum have vastly different Kms for the carboxylic acid substrate, butyrate. 
BKII has an extremely low binding affinity as compared with BKI. Moreover, BKII is a 
very specific enzyme for butyrate, while BKI has a much broader substrate range (Table 
5.6). 
In MAK, the analogous residues for the amino acid positions that are absolutely 
required for BKII activity (i.e., HI55, HI83, R215, and E334) have been identified (Buss 
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et al. 2001, Singh-Wissmann et al. 2000, Singh-Wissmann et al. 1998) and was published 
after the completion of the experimental work in my BKII study. The MAK findings 
show these amino acids make critical contacts important for enzymatic function and those 
results help guide the interpretation of the results found in this study of BKII variants. 
The specific functions are outlined in Table 5.6. E384 has most recently been determined 
to play a role in metal coordination (Miles et al. 2001) rather than domain movement 
associated with enzyme catalysis (Singh-Wissmann et al. 1998). The D283 and F284 
residues of MAK, which correspond to the NA residues of BKII, have been ascribed the 
function of making contacts with the ribose ring of ATP. Additionally, the salient 
residue, V93 of MAK, in the hydrophobic binding pocket, which determines the size of 
the pocket and the substrate specificity of the enzyme, is proposed to bind to the 
carboxylate substrate itself. The corresponding salient residue in TdcD is A88 and can be 
seen in Figure 5.5. 
Examining TdcD as a prototype, residues DLR are close enough to the bound 
nucleotide, AMPPNP, to form intermolecular interactions (Figure 5.6). The carboxyl 
oxygen of aspartate 278 forms a hydrogen bond with the C2' oxygen of the ribose sugar 
of the ATP analog 2.9 Angstroms away (Figure 5.6). Additionally, the main-chain 
nitrogen of leucine 279 is also hydrogen bonded to the C2' oxygen of the ribose sugar 
(Simanshu et al. 2005). Since any amino acid could fulfill this role, this leucine acts 
effectively as a space-holder. The side-chain of leucine does not participate in the 
intermolecular interactions, as it points in the opposite direction. The guanidium group 
of arginine forms cation - n intermolecular and n-n stacking interactions with the ring 
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Figure 5.6. Propionate kinase (TdcD) residues D278, L279, and R280. A hydrogen bond is between the 
aspartate residue and the ribose sugar 2.9 Angstroms away. The arginine residue forms cation-p interaction 
with the adenine base ring structure 4.8 Angstroms away. Carbon, gray; oxygen, red; nitrogen, blue; 
phosphate, orange. Images generated by Mary Susan Cates, Rice University. 
structure of the adenine base 4.8 Angstroms away (Figure 5.6). The intermolecular 
interactions that arginine and lysine form with ligands containing an adenine ring are well 
known (Mao et al. 2003; Nobeli et al. 2001). 
MAK has residues DFR while BKI has residues DFK at analogous positions and 
both sets of the trio of amino acid residues would be expected to form similar interactions 
to those intermolecular interactions formed by residues DLR in TdcD. All three kinases 
(TdcD, MAK, and BKI) contain an aspartate in the first position and are expected to 
make the same interactions. The phenylalanine found in MAK and BKI, like the leucine 
in TdcD, could fulfill the same backbone nitrogen requirement. The positive charge on 
the lysine, in BKI, is a good substitute for the positively charged guanidium group of 
arginine in TdcD, while the arginine residue found in MAK at this position would be able 
to make the same contacts as the arginine found in TdcD at this last positively charged 
position of the amino acid trio. 
BKII has residues NAL at the analogous positions to the DFR trio, and would be 
expected to make different intermolecular interactions that would have a consequence on 
enzymatic activity. In TdcD, the OH of the carboxyl group of aspartate, donates its 
hydrogen to the C2' oxygen on ribose sugar. Since aspartate is negatively charged, a 
strong hydrogen bond is formed. In BKII, the NH of the amide group of asparagine, 
would still be expected to donate its hydrogen to the C2' ribose oxygen forming a 
hydrogen bond. However, this hydrogen bond would be much weaker, because the 
asparagine nitrogen of the amide would be expected to hold the hydrogen more tightly 
than the carboxyl oxygen of aspartate. The alanine would likely make the same main-
chain nitrogen contact as leucine in TdcD. The critical difference between BKII and BKI 
is the aliphatic leucine in the third position of this key trio in BKII whereas BKI and the 
other kinases considered here have a positively charged residue at this position, namely 
arginine or lysine. The leucine is not capable of making the cation-rc or hydrogen bond 
that is typical of lysine residues nor the cation-n or n-n stacking interactions of arginine 
residues. In MAK, the arginine in the third position has been probed with genetic 
replacement (Singh-Wissmann et al. 2000) and has been shown to affect the binding of 
both its carboxylic acid substrate and ATP, to varying extents. This arginine has been 
shown to also greatly influence the binding of acetate, but has a less critical role for 
binding ATP (Singh-Wissmann et al. 2000). Additionally, this arginine, R285, is non-
essential for catalysis (Singh-Wissmann et al. 2000). BKII has the aliphatic residue 
leucine in the third position, rather than a positively charged residue, such as arginine in 
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MAK or lysine in BKI. This residue difference would explain an important feature of the 
carboxylic acid substrate binding differences between BKI and BKII, that is, the more 
narrow and less tight binding affinity of BKII as compared to BKI. 
According to the BLAST results, it is commonplace for an organism to harbor 
multiple genes encoding isozymes of carboxylate kinases. It is possible that not all genes 
encode functional products; some may be pseudogenes. S. typhimurium encodes two 
authentic propionate kinases with different documented functions: one for ATP 
production and the other is involved in utilizing propionate as a nutrient (Table 5.6). 
Likewise, Clostridium cylindrosporum possesses two different formate kinases (Sly and 
Stadtman 1963). Both enzymes function in the formate-phosphorylating direction, but 
only one is reversible and able to phosphorylate ADP. The organism under investigation 
in this study, C. acetobutylicum, harbors two copies of many main metabolic genes: 
thiolase A + B, aldehyde/alcohol dehydrogenase 1+2, butanol dehydrogenase 1+2, and 
butyrate kinase I + II. The consequence and role of each of these apparently redundant 
genes in the physiology of C. acetobutylicum is not known. 
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Chapter 6 - Discussion 
6.1 Concluding remarks and recommendations for future work 
This thesis has focused on molecular and genomic analyses in C. acetobutylicum. 
The biomolecules studied have spanned the ones comprising the central dogma: DNA, 
RNA, and protein. The studies were of two general types, one a traditional experimental 
series using the techniques of molecular biology and biochemistry, and the other type 
being more of a computational approach using the information available in databases to 
place the work in a broader context. 
A number of experimental approaches and techniques were employed to answer 
questions about the function of specific genes and proteins. An effort was also made to 
examine the role in a global cellular framework by examining and correlating proteomic 
and microarray transcriptome data with the findings on specific genes. Some techniques 
used mRNA detection while other techniques relied on protein analysis. The expression 
of chw 14, chw 16/17, and bukll genes were validated with various experimental 
techniques. These methodologies included a primer extension timecourse, mapping of the 
transcriptional start site, reporter expression assay, microarrays, immunoblots, and wild 
type and variant butyrate kinase II enzyme activity determination. 
With the increasing amount of genomic sequence and protein structure data 
available databases, a broader interpretation of experimental results can be obtained by 
inclusion and selective analysis of this information. In these more computational or 
bioinformatics studies, I sought to expand my view of the work beyond the findings of 
the wet lab experimental studies listed above. The genome of C. acetobutylicum has been 
examined and compared to genomes of related and relevant prokaryotes. The genes 
explored in this work, namely chw and bukll, specify functions for this bacterium 
indirectly associated with its solvent production capability. These proteins or enzymes 
perform a certain function for the organism. In this thesis, various aspects of the proteins 
or the genes encoding these proteins were analyzed using computational tools: these 
examined the domains within a protein, sub-sections within a domain, phylogenetic 
comparisons, and detailed protein structure models. The use of these data analysis 
techniques revealed additional insights. 
In the thesis, the introduction presented the overview of current study of C. 
acetobutylicum, and chapter two compiled the methods and protocols used in my work. 
The proteome of C. acetobutylicum showing the soluble set of proteins in the wildtype 
strain during multiple growth points, and in a spoOA deficient strain and a spoOA over-
expression strain were analyzed in chapter 3. A set of novel proteins were found with 
interesting properties and this unique chw group was explored further in chapter 4. 
Chapter 5 covered a more biochemical study of a specific enzyme BKII, and was 
extended to include an examination of the gene arrangement of carboxylate kinase genes 
in C. acetobutylicum, in other Clostridia, and in prokaryotic genomes. 
6.2 Proteomic analysis and comparison of wild type C. acetobutylicum and SpoOA 
strain variants 
The proteomic work discussed in chapter 3 was only the second published report 
using a proteomic approach to comprehensively explore the gene products of C. 
acetobutylicum. The first study (Schaffer et al. 2002) looked at the differences in protein 
profiles before and after the transition to solventogenesis. My work expanded those 
findings and compared the protein pattern in a wildtype C. acetobutylicum strain with the 
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pattern found in a spoOA deficient strain and in a spoOA over-expression strain. My 
proteomic work was validated with several expected findings. SpoOA was identified and 
its protein level was confirmed as being nearly absent in the spoOA deficient strain. Also 
nearly absent in the spoOA deficient strain was the protein Adc, which is known to be 
regulated by SpoOA. The proteomic profiles show that post-translational modification of 
bacterial proteins may be more common than previously thought. When a small 
sampling of protein spots was analyzed it was found that almost a quarter of the spots (5 
of 23) revealed the same protein appearing in more than one location. Some of those 
proteins were chosen because they appeared to be a related series of spots. Post-
translational modification of C. acetobutylicum proteins has been previously observed, 
with the glycosylation of the flagellin protein being an interesting example (Balodimos et 
al. 1990, Lyristis et al. 2000). Another interesting feature identified in the C. 
acetobutylicum proteomes was the clustering of protein spots to resemble fingers of a 
straightened hand in the acidic high molecular weight region of the gels. Two such 
protein spots were identified as variants of the same protein, GroEL. The 18 unique 
proteins identified were classified into heat shock stress response proteins, acid and 
solvent formation proteins, and transcription and translation proteins. Six identified 
proteins were not detected in the spoOA deficient strain indicating these proteins require 
SpoOA in some fashion. Over-expression of spoOA affected the abundance of several 
proteins involved in glycolysis, translation, heat shock stress response, and energy 
production. 
6.3 Recommendations for future work 
Proteomics is one of many current methodologies, termed "omics," used to probe 
the global status of an organism; other techniques include transcriptomics and 
metabolomics. Ascertaining the profile of all proteins under a given condition generates 
a wealth of information when the result is compared to the proteomic status under other 
conditions, such as during growth points or in a mutant background. Such comparative 
analysis may reveal potentially undiscovered proteins contributing to complex 
phenotypes that correlate proteomically (or transcriptionally as determined with 
microarrays) with proteins known to be involved in a particular process. Additional 
genes, such as genes for transcriptional regulators and stress proteins may become 
apparent in such comparative analyses, and these can be candidates for gene 
manipulation. The alteration of expression of such regulatory genes would be expected to 
drastically affect cell-wide activities, with some of the alterations, perhaps being in a 
desirable direction for solvent production. Studies of this type in C. acetobutylicum 
provide valuable information for metabolic engineering applications as reviewed in 
Sullivan et al. 2007b. 
The research niche for transcriptomics in C. acetobutylicum has been carved out 
by our collaborator, E. T. Papoutsakis. The transcriptome data does not always correlate 
with the enzyme activity level of a particular protein, and even the proteomic data has an 
additional complexity due to protein modification. Protein modification by such 
processes as specific protease digestion or covalent attachment of phosphate, acetyl, or 
glycosyl groups cannot be addressed by microarray expression studies, but can be 
observed only by detailed proteomic analyses. To date, only two proteomic reports have 
been described for C. acetobutylicum, one of which is the work presented in this thesis in 
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chapter 3. Therefore, much work can be envisioned to realize the potential of this field 
for C. acetobutylicum, including comparison with any mutant strains available. The wider 
application of mass spectrometry to proteomics has recently been described (Wu and 
Yates III 2003) and such experiments have been performed at the Scripps Research 
Institute (La Jolla, CA). Our laboratory has recently sent samples to this center for 
whole-cell mass spectroscopy analysis. Several hundred proteins were identified, but the 
data has not been compiled at this time. 
6.4 Analysis of the clostridial hydrophobic with a conserved tryptophan (ChW) 
family of proteins in C. acetobutylicum with emphasis on ChW14 and ChW16/17 
The work described in chapter 4 introduced and explored a novel protein family, 
the clostridial hydrophobic with a conserved W (ChW) family, now observed to be 
primarily restricted to C. acetobutylicum. Roles were suggested for ChW14 and 
ChW16/17 specific to C. acetobutylicum physiology, considering the putative surface 
location for these proteins. While the functions for members of this protein family have 
not been characterized due to technical challenges that escalated in scope during 
pursuance of this project, detailed expression, promoter architecture, regulation, and 
phylogenetic analysis has been determined for two members. The genes chwl4 and 
chwl6ll 7 behave similarly under every condition tested in the mRNA-microarray 
studies. The proteomic analysis in chapter 3 suggested that SpoOA was required for the 
accumulation of ChW14 and ChW 16/17, as these proteins appeared to be absent in the 
spoOA deficient strain. Primer extension assays showed a single transcript for each gene 
with transcripts for chwl4 and ckwl6U7 being detected from mid-exponential phase until 
early stationary phase. A predicted o* consensus motif was found upstream of the 
transcriptional start sites of both chwl4 and chwl6U7 Using reporter analysis I showed 
that the promoters of chw 14 and chwl6U7 are highly active during mid-exponential 
phase in wild type C. acetobutylicum. Analysis of expression in the spoOA deficient 
strain indicated the promoter activity of both chw 14 and chwl 6117 is constitutive, 
implicating a function of SpoOA in their accumulation. The relationship among ChW 
proteins and the ChW domains themselves was delineated and shown in phylogenetic 
trees. The ChW proteins appear to originate with C. acetobutylicum because the non-C 
acetobutylicum ChW proteins are nested within the main C. acetobutylicum protein 
branch. Examination of the ChW domain alone shows that every third domain clusters 
together phylogenetically. Additionally, almost all ChW proteins contain a multiple of 
three ChW domains. Taken together, these data suggest that ChW domains may function 
in a triplet group for their role in the cell. 
6.5 Recommendations for future work 
The cellular morphology changes associated with the transition from acidogenic 
to solventogenic phases in C. acetobutylicum have been described (Jones et al. 1982). 
However, little is known about the surface proteins of C. acetobutylicum and how they 
may change during the transition. One bonafide surface protein in C. acetobutylicum has 
been addressed, flagellin, but otherwise there is a lack of any comprehensive study of 
surface proteins in the non-pathogenic Clostridia. Surface proteins in pathogenic 
Clostridia are likely antigenic and play a role in recognition of cell surfaces within the 
host. Surface proteins in C. acetobutylicum could play a role in solvent tolerance, since it 
is thought they confer ridigity on the cell and may stabilize the membrane in some way. 
Exposure to alcoholic solvents is known alter membrane composition and fluidity. 
Solvent exposure likely causes other changes at the surface as well. 
In Clostridium difficile, repeating modules in secreted polypeptide toxins often 
contain aromatic amino acids (W, Y, and F) that form stacking interactions with 
carbohydrates on the surface of red blood cells. Likewise, C. acetobutylicum may use the 
repetitive ChW domains, which contain an obligatory tryptophan, in interactions with 
extracellular substances. Several possible functions of ChW proteins have been 
considered, including possible involvement in a wide range of activities: degradation of 
polysaccharides and proteins, interactions with plant cells, interactions with substrates or 
proteins, degradation of polymers, and interactions with the environment (Nolling et al. 
2001). Further studies of the cell surface proteins are likely to reveal new insights for the 
physiology of C. acetobutylicum during the transition to the solvent producing phase. 
Such studies will require a sustained effort using a combination of techniques. 
6.6 Local structural features of the butyrate kinase isozymes distinguish their 
enzymatic properties in C. acetobutylicum 
The work described in chapter 5 analyzes several butyrate kinase II variants and 
compares the enzymatic properties with those of other ASKHA family proteins. The 
residues altered were chosen based on amino acid sequence alignment for acetate, 
propionate, and butyrate kinases showing absolute conservation at two critical arginine 
and two critical histidine residues and a high degree of similarity at two glutamate 
residues. These six charged residues were replaced in the butyrate kinase II isozyme of 
C. acetobutylicum to determine if any were essential for activity. The recombinant BKII 
enzymes showed undetectable kinase activity when residues H155, H183, R215, and 
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E334 were replaced, suggesting that these residues are essential for activity. I found that 
a polar or negatively charged residue is required in position 332 where a glutamate is 
usually found and that a positively charged residue is required at position 150 where an 
arginine is located. 
Model threading of the amino acid sequences of the primary and the secondary 
butyrate kinases from C. acetobutylicum onto the determined three-dimensional structure 
of acetate kinase from Methanosarcina thermophila was used to determine global and 
local structural features that may be responsible for the differences in substrate range and 
affinity between the butyrate kinase isozymes. My work implicates a local structural 
feature in the substrate activity differences observed between the primary and secondary 
butyrate kinases. BKII has residues asparagine-alanine-leucine while BKI and other 
carboxylate kinases have a conserved aspartate at 256 and a conserved positively charged 
residue (arginine or lysine) at 258. The aspartate residue is positioned to make a critical 
contact with the C2' oxygen of the ribose sugar while lysine (of BKI) or arginine (of 
other ASKHA members) forms intermolecular interactions with the adenine ring of ATP. 
In BKII, the asparagine residue could still be expected to make a hydrogen bond, like 
aspartate, albeit a weaker hydrogen bond. Leucine, instead of arginine or lysine, at this 
last position in the crucial trio would not be capable of making the requisite cation-
7i interactions present in the known structure of MAK. These enzyme-ligand interactions 
at this analogous position influence substrate binding in other ASKHA members and may 
explain a key feature of the unusual properties of BKII. Such a hypothesis would need to 
be investigated by specific experiments. 
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The genomes of other sequenced Clostridia as well as prokaryotes that have well 
characterized carboxylate kinases were examined for gene arrangement and 
determination of the number of genes encoding carboxylate kinase isozymes. In many 
species, ack or buk are equally likely to appear either in an operon with a gene coding for 
phosphotransferase or as an independent gene. A few interesting arrangements were 
noted, such as a gene encoding phosphotransferase located between two genes encoding 
apparent butyrate kinase isoenzymes. Many species contain multiple genes coding for 
acetate, butyrate, and/ or propionate kinases, thus having many carboxylate kinase 
isozymes appears common. The expression patterns of these genes and the specific roles 
of the various encoded kinases in other organisms have not been explored. 
6.7 Recommendations for future work 
The expression pattern of buk has been thoroughly examined. However, 
microarray analysis on bukllio firmly establish its expression patterns in C. 
acetobutylicum under various conditions and to ascertain whether it follows the 
expression of buk has yet to be performed. Mutational investigation of BKII in which it 
is modified to make it more like BKI (i.e., change NAL into DFK) as well as replacement 
of particular residues of BKI to make it more like BKII (i.e., DFK changed into NAL) 
would conclusively demonstrate the role of these residues in determining the enzymatic 
differences between BKI and BKII. Understanding the specific role BKII plays in the 
metabolism of C. acetobutylicum would be of interest. An interesting finding in 
Clostridium cylindrosporum, showed that two formate kinase isozymes exist (Sly and 
Stadtman 1963) and both function in the formate-phosphorylating direction, but only one 
is able to phosphorylate ADP. BKII and other carboxylate kinase isoenzymes in other 
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organisms could be examined to see if some have have a special physiological role and 
properties due this characteristic found in the two formate kinases of Clostridium 
cylindrosporum. 
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